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ABSTRACT

Brassinosteroids (BRs) are a group of steroidal plant hormones that are essential
for proper plant development and also promote stress tolerance. Without BRs,
plants are dwarfs and infertile. To understand the molecular mechanisms
underlying BR-mediated stress tolerance, global gene expression analysis of
untreated and 24-epibrassinolide (EBR)-treated Arabidopsis thaliana seedlings
under non-stress and heat stress (HS) conditions was carried out. Microarray
data analysis indicated that stress-related genes were predominant within the
EBR up-regulated gene data set. Furthermore, several of these genes were
abscisic acid (ABA) and jasmonic acid (JA) related. Measurements of
endogenous hormones showed significant increases in the levels ABA and JA in
EBR treated vs. untreated A. thaliana seedlings. To understand the relationship
between BR and ABA, untreated and EBR-treated ABA-deficient and ABAinsensitive mutants of A. thaliana were subjected to HS. The positive effect of
EBR on HS tolerance was significantly greater in the ABA-deficient aba1-1
mutant as compared to WT, indicating that ABA masks BR effects on plant stress
responses, which is opposite to the effect of BR on ABA responses.

Functional analysis of T-DNA insertion mutants of a subset of genes identified in
the microarray screen showed that three genes encoding jacalin related-lectins,
and one gene encoding NFYA5, have stress-related functions. Two genes related
to calcium (Ca2+)-signaling, calmodulin-like Ca2+-binding protein 10 (CML10) and
calmodulin-binding protein 50 (CaMBP50), were studied in detail using reverse
genetics approaches. The T-DNA insertion cml10 mutant flowered earlier, had an
average of 25% increase in seed yield, and was more resistant to osmotic stress
as compared to WT. The transgenic lines overexpressing CML10 displayed the
opposite phenotypes, indicating a negative role of CML10 in growth and stress
responses in A. thaliana. On the other hand, the cambp50 mutant was more
sensitive to salt stress and produced less seeds as compared to WT, while
transgenic lines overexpressing CaMBP50 were more resistant to salt stress and
iii

had up to 41% increase in seed yield. Thus, CaMBP50 positively regulates these
traits.

In summary, the results of the present study have 1) revealed that BR cross-talks
with ABA and JA in conferring stress tolerance, 2) identified new stress-related
genes, and 3) highlighted the importance of Ca2+-signaling in BR-mediated stress
tolerance and growth in A. thaliana.

KEY WORDS: Brassinosteroids, 24-epibrassinolide, abscisic acid, jasmonic acid,
mutant, reverse genetics, transgenic line, calcium-signaling, calmodulin, heat
stress, salt stress, Arabidopsis thaliana.
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CHAPTER 1
GENERAL INTRODUCTION
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CHAPTER 1

1.1 INTRODUCTION

1.1.1 Brassinosteroids: an important class of phytohormones

In 1970, an extract was isolated from the pollen of Brassica napus that displayed
strong growth promoting activities (Mitchell et al., 1970). The extract was termed
as ‘brassin’, from which the bioactive compound, a steroidal lactone, named
‘brassinolide’ (BL) was isolated by USDA (United States Department of
Agriculture) scientists (Figure 1.1A) (Grove et al., 1979). Following identification
of BL, 70 additional similar compounds, collectively called brassinosteroids
(BRs), were isolated from various plant species, indicating that BRs are
ubiquitous in the plant kingdom (Bajguz and Tretyn, 2003). BRs occur in the free
form, or conjugated to sugars and fatty acids (Bajguz and Hayat, 2009), in almost
every part of plants. Pollen and immature seeds contain the highest levels of BR
with levels ranging between 1-100 ng g-1 fresh weight, while shoots and leaves
have far lower amounts in the range of 0.01-0.1 ng g-1 fresh weight (Bajguz and
Tretyn, 2003).

Earlier studies showed that exogenous application of BRs to plants increased
their growth and development (Mandava, 1988), but it was the study of BRbiosynthetic and BR-signaling mutants in Arabidopsis thaliana in the mid 1990s
that provided the convincing genetic evidence towards an essential role of BRs in
plant growth and development (Clouse and Sasse, 1998; Clouse, 2002). Based
on these results, BRs have been given the status of a phytohormone.

1.1.2 Structure of BRs

The 70 different BRs that are found in plants display a high degree of structural
variation. In general, the structure of BR is derived from the 5α-cholestane

2

Figure 1.1 Structures of brassinosteroids.

A) Structure of brassinolide (BL).

B) Variations in the A and B rings, and in the side-chain of naturally occurring
plant steroids. The figure has been taken from Bazguz and Tretyn, 2003.

3

A

B

4

skeleton and structural variations are generated from the type and position of
functional groups on the A/B rings and the side chain (Figure 1.1B). Variations in
the A-ring come from α,β-hydroxyl at positions C-2 and C-3, or ketone at position
C-3. The most active BRs in plants, such as BL and castasterone (CS), contain
C-2α, C-3α hydroxyl groups at the A-ring. In ring B, variations lead to five types of
BRs; 7-oxalactone, 6-oxo, 6-deoxo, 6-hydroxy and 5-en (Figure 1.1B). The 6-oxo
(6-ketone) BRs are most abundant in plants, although the biological activity of the
7-oxalactone BRs is stronger than the other forms. BRs are also divided into
eleven types according to the structures of the cholestane side-chains with
respect to substituents on C-23, C-24 and C-25: 23-oxo, 24S-methyl, 24Rmethyl, 24R-methylene, 24S-ethyl, 24-ethylidene, 24-methylene-25-methyl, 24methyl-25-methyl, without substituent at C-23, without substituent at C-23,
without substituent at C-23, C-24 (Figure 1.1B). BRs that are not conjugated to a
sugar or fatty acid are further classified into C27, C28 and C29 sterols according to
the different alkyl substitution in the side chain. The C27 BRs lacking a substituent
at C-24 are assumed to be derived from cholesterol. The C28 BRs with either an
α-methyl, β-methyl or methylene substituent may be generated from campesterol,
24-epicampesterol or 24-methylenecholesterol, respectively. The C29 BRs with an
ethyl group substituent may be derived from sitosterol, and with a methylene at
C-24 may come from 24-methylene-25-methyl cholesterol (Fujioka, 1999; Bajguz
and Tretyn, 2003).

The above-mentioned variations in BR structure are essential for the proper
biological activity of BRs.

5

1.1.3 BR Biosynthesis

Research in the last two decades has delineated the pathways involved in BR
biosynthesis. Feeding of cell suspension cultures of Catharanthus roseus with
isotope-labelled putative BR intermediates, and biochemical analysis of BRdeficient mutants have played major roles in deciphering the steps of the core
BR-biosynthetic pathways (Sakurai and Fujioka 1997; Fujioka and Yokota, 2003).
Biosynthesis of BRs follows two consecutive pathways: the sterol-specific
(squalene to campesterol), and BR-specific (campesterol to brassinolide),
pathways. The three types of sterols, campesterol, sitosterol and stigmasterol,
are generated through the sterol-specific pathway. Mevalonic acid (MVA), the
precursor of the terpenoid pathway, is condensed and cyclised to produce
squalene and initiate sterol biosynthesis. The successive modification of
squalene by sterol-specific biosynthetic enzymes generates campesterol along
with other plant sterols. Campesterol serves as the precursor of all C28 BRs in
plants, including BL. A detailed study of BL biosynthesis has revealed that the
BR-specific pathway in plants is highly networked at multiple steps (Fujika and
Yokota, 2003). In a four-step conversion, campestanol is generated from
campesterol, which is converted to BL by two parallel biosynthetic routes: the
early and late C-6 oxidation pathways (Figure 1.2). A sub-pathway named as
early C-22 oxidation branch that avoids generating campestanol from
campesterol is also linked with the BR-specific pathway (Fujioka et al., 2002). In
the early C-6 oxidation pathway, campestanol is initially converted to 6oxocampestanol.

The

successive

enzymatic

oxidation

converts

the

6-

oxocampestanol to cathasterone, teasterone, 3-dehydroteasterone, typhasterol
and castasterone. In the late C-6 oxidation pathway, 6-deoxocathasterone is first
generated from campestanol through oxidation at C-22. The early C-22 oxidation
sub-pathway also follows the late C-6 oxidation pathway whereby 6deoxocathasterone is generated from campesterol in a four-step process. Next,
the 6-deoxocathasterone undergoes successive oxidation in the C-6 oxidation

6

Figure 1.2 BR biosynthesis pathways.

Enzymes identified in A. thaliana are shown. The figure has been adapted from
Ohnishi et al. (2006).

7

8

pathway

to

6-deoxoteasterone,

3-dehydro-6-deoxoteasterone,

6-

deoxotyphasterol, 6-deoxocastasterone and castasterone. Recently, a shortcut
pathway from campesterol to 6-deoxotyphasterol through C-23 oxidation has also
been identified (Ohnishi et al., 2006). Finally, castasterone is transformed into BL
through Baeyer-Villiger type of oxidation of C6-ketone (Sakurai, 1999).
The identification and regulatory information of BR-biosynthetic enzymes and
their corresponding genes was first made possible by analysis of BR-deficient
mutants primarily in A. thaliana, as well as in rice, tomato, and pea (Fujioka and
Yokota, 2003, Kwon and Choe, 2005). BR-deficient mutants are characterized by
short stature, round and curly leaves, reduced fertility, irregular vascular
differentiation, abnormal skotomorphogenesis and delayed senescence (Kwon
and Choe, 2005). In most cases, the aberrant phenotypes of the BR-deficient
mutants can be reversed to wild type (WT) phenotype by applying exogenous BR
(Szekeres et al., 1996; Clouse and Sasse, 1998). The dwarf mutant de-etiolated2
(det2) was identified in a study of light-regulated development in A. thaliana
(Chory et al., 1991). The DET2 gene encodes a steroid 5α-reductase, which is
involved

in

the

conversion

of

campesterol

to

campestanol

or

6-

deoxocathasterone (Noguchi et al., 1999; Fujioka et al., 2002). The phenotypic
defects in det2 can be reverted to WT when grown in the presence of exogenous
BR.

The oxidation of BR intermediates is catalyzed by enzymes that belong to the
family of cytochrome P450 monooxygenases; for example, the C-22 and C-23
hydroxylation reactions are mediated by P450 DWF4 (DWARF4) (Choe et al.,
1998),

and

CPD

(CONSTITUTIVE

PHOTOMORPHOGENESIS

AND

DWARFISM) (Szekeres et al., 1996), respectively. The C-22 hydroxylation step
catalyzed by DWF4 is considered the rate-determining step in the BR
biosynthetic pathway. The A. thaliana dwf4 mutants are severely dwarfed,
displaying the typical BR-deficient phenotype (Choe et al,. 1998). The C-23
hydroxylation is catalyzed by the P450 CPD, belonging to the CYP90 family
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(CYP90A1). The cpd mutant is also an extreme dwarf, and can be reversed to
the WT phenotype by treatment with 23α-hydroxylated BRs (Szekeres et al.,
1996). Two other members of the CYP90 family, CYP90C1 and CYP90D1, were
found to act redundantly as C-23 hydroxylases in BR biosynthesis (Ohnishi et al.,
2006). Mutations in CYP90C1 and CYP90D1 resulted in dwarf phenotypes that
could be rescued by 22,23-dihydroxylated BRs.

An interesting feature of some BR biosynthetic enzymes, such as DWF1, DWF4
and CPD, is the presence of a calmodulin (CaM)-binding site (Du and Poovaiah,
2005). Loss of the CaM-binding site through deletion and site-directed
mutagenesis completely inactivated the protein. These results indicate a possible
regulation of endogenous BR levels through Ca2+-signaling.

1.1.4 BR signaling
BR-signaling has been extensively studied in the last ten years, and a number of
key signaling components have been identified (Figure 1.3) (Belkhadir and
Chory, 2006; Karlova and Vries, 2006; Li and Jin, 2007; Wang et al., 2008, Kim et
al., 2009).

The perception and signal transduction of steroid hormones in

animals are initiated by direct binding of steroid molecules with nuclear receptors.
Unlike this mechanism, BRs in plants are perceived by cell surface
transmembrane receptor kinases that induce a phosphorylation-mediated
signaling cascade. BR binds to a 94-amino acid sub-domain within the
extracellular leucine-rich repeats (LRRs) of the plasma membrane receptor
kinase BRI1 (BRASSINOSTEROID INSENSITIVE 1), as well as two of its close
relatives BRL1 (BRI1-like 1) and BRL3 (Russinova et al., 2004; Karlova et al.,
2006). BR binding to BRI1 causes its dissociation from BKI1 (BRI1 kinase
inhibitor), which is a plasma membrane associated phosphoprotein that
negatively regulates BR-signaling by binding with the intracellular kinase domain
of BRI1 (Nam and Li, 2002; Wang and Chory, 2006), and facilitates
autophosphorylation as well as association and transphosphorylation between
BRI1 and its co-receptor BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1)
10

Figure 1.3 A current model for BR signal transduction pathway.

(Figure has been adapted from Kim et al. (2009). The Figure legend has been
modified.)

Filled (in amber) or open objects indicate signalling components in active or
inactive states. In the absence of BR (-BR), BRI1 is in an inactive form bound to
its inhibitor BKI1, and hence BAK1, BSK1 and BSU1 are inactive, while BIN2 is
active and phosphorylates BZR1 and BZR2 (BES1), leading to their interaction
with 14-3-3 proteins and degradation by proteasome. In the presence of BR
(+BR), BR binding to the extracellular domain of BRI1 induces dissociation of
BKI1 and association and inter-activation between BRI1 and BAK1. Activated
BRI1 then phosphorylates BSK1, which in turn dissociates from the receptor
complex and interacts with and most likely activates BSU1 in an unknown
mechanism. Consequently, BSU1 inactivates BIN2 by dephosphorylation, leading
to the accumulation of unphosphorylated BZR1 and BES1 in the nucleus, which
binds to promoters to regulate the expression of BR-target genes, leading to
cellular and developmental responses.
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(Nam and Li, 2002; Wang and Chory, 2006). The activated BRI1 phosphorylates
BR-signaling kinase BSK1, promoting it’s binding to the phosphatase BSU1
(BRI1 SUPPRESSOR 1) (Tang et al., 2008; Kim et al., 2009). Subsequently,
BSU1

inactivates

the

negative

regulator

BIN2

(BRASSINOSTEROID-

INSENSITIVE 2), a GSK3-like kinase, by dephosphorylation, thereby leading to
the nuclear accumulation of transcription factors BZR1 (BRASSINAZOLERESISTANT 1) and BES1 (BRI1-EMS-SUPPRESSOR 1) (also named as BZR2)
(Kim et al., 2009). BZR1 and BES1 directly bind to the promoters of BR-regulated
genes to affect their expression. BZR1 binds to the CGTG(T/C)G motif found in
the promoters of BR biosynthetic genes, CPD and DWF4, to suppress their
expression (He et al., 2005), while BES1 binds to the CANNTG motif (E box) in
the SAUR-AC1 promoter to activate gene expression (Yin et al., 2005). Since
numerous physiological processes are regulated by BRs in plants, it is possible
that BZR1 and BES1 heterodimerize with other transcriptional factors to regulate
transcriptional processes. A schematic presentation of BR-signaling is depicted in
Figure 1.3.

1.1.5 BR functions

BR regulates multiple aspects of growth and development in plants, including cell
division and elongation, seed germination, vascular differentiation, vegetative
growth, senescence (Clouse and Sasse, 1998; Sasse, 2003), and flowering-time
(Clouse, 2008; Yu et al., 2008). The application BR at nM to μM levels produced
pronounced elongation of hypocotyls, epicotyls, and peduncles of dicots, as well
as coleoptiles and mesocotyls of monocots (Clouse and Sasse, 1998). Moreover,
microscopic examination of BR-deficient and insensitive mutants in A. thaliana
indicated that the dwarf phenotype of these mutants was due to reduced cell size,
and not reduced cell number, which clearly confirmed the role of BR in cell
elongation (Sasse, 2003). However, evidence for the role of BR in cell division
was demonstrated by exogenous application of BR to cell and protoplast cultures.
An accelerated increase in cell number occurred in response to BR treatment in a
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culture of synchronously dividing Chlorella vulgaris (Bajguz and Asami, 2004).
Application of nM concentrations of BR in the presence of auxin and cytokinin
stimulated cell division by approximately 50% in cultured parenchyma cells of
Helianthus tuberosus (Clouse and Sasse, 1998). In Chinese cabbage
protoplasts, 24-epibrassinolide (EBR), a BR, when applied with 2,4-D and kinetin,
promoted cell division in a dose-dependent manner and enhanced cluster and
colony formation. These data also suggested that dedifferentiation of the
protoplasts was enhanced and that BR promoted the necessary regeneration of
the cell wall before cell division (Clouse and Sasse, 1998). BR also plays an
important role in vascular differentiation. Application of nM concentration of BL
enhanced tracheary element differentiation in H. tuberosus explants (Clouse and
Sasse, 1998). Use of brassinazole, an inhibitor of BR biosynthesis, showed clear
inhibition in the development of secondary xylem in Lepidum sativum, with
normal development being restored after administration of BL (Nagata et al.,
2001).

The effect of BR in seed germination and seedling growth is well-known for a
long period of time. Studies showed that BR could increase the growth of the
emerging embryo independent of gibberellin, a phyotohormone involved in seed
germination and seedling growth (Leubner-Metzger, 2001). The application of
EBR or BL rescued the germination inefficiency of gibberellin biosynthetic and
signaling mutants (Steber and McCourt, 2001). These authors proposed that BR
may act in parallel with gibberellin to induce seed germination. Germination of
both BR-biosynthetic (det2) and BR-insensitive (bri1-1) mutants was inhibited
more strongly than WT in the presence of abscisic acid (ABA), indicating that
endogenous BR as well as BR-perception is needed to overcome ABA-induced
seed dormancy (Steber and McCourt, 2001).

BRs have remarkable effects on the vegetative growth and seed yield of a
number of plant species. Spraying 28-homobrassinolide on mustard seedlings
increased their biomass in terms of fresh and dry weight along with enhanced
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carbonic anhydrase activity and net photosynthetic rate, leading to enhanced pod
number and seed yield per plant at harvest (Hayat et al., 2000). For a number of
rice cultivars, the application of BL to seedlings increased leaf-sheath lengths and
numbers when grown in light, whereas pre-treatment of seeds with BL enhanced
elongation of mesocotyl in the dark (Sasse, 2003). Similarly wheat grown from
seeds treated with μM concentrations of 28-homobrassinolide had increased leaf
numbers per plant, fresh and dry weight, and nitrate reductase and carbonic
anhydrase activity (Hayat et al., 2001).

Changes in the timing of flowering, growth of pollen tubes, and timing of
senescence are common phenotypes associated with most BR biosynthetic and
signaling mutants (Sasse, 2003). The mechanisms by which BR controls these
physiological processes are not known. In one study it was observed that BRs
stimulate flowering by reducing the expression of a potent floral repressor FLC
(FLOWERING LOCUS C) (Domagalska et al., 2007). In another study, Yu et al.
(2008) demonstrated that BES1 interacts with two Jumonji N/C domain
containing transcription factors, ELF6 (EARLY FLOWERING 6) and REF6
(RELATIVE OF EARLY FLOWERING 6). ELF6 was found to be a repressor of
the photoperiodic flowering pathway; elf6 mutant displayed an early-flowering
phenotype, whereas ref6 mutant showed higher accumulation of FLC, leading to
the late-flowering phenotype. Genetic analysis of elf6, ref6, elf6 ref6 and bri1 ref6
revealed that both ELF6 and REF6 function in the BR-signaling pathway by
interacting with BES1 (Clouse, 2008), and that these interactions are possibly the
molecular intersection between BR-regulated growth and flowering in A. thaliana.

1.1.6 The potential of BRs in increasing yield

The potential of BRs in agriculture was recognized in the late 1970s. The
application of a number of synthetic BRs, such as EBR, 28-homobrassinolide and
TS303, revealed that BRs can promote growth in a variety of plant species
(Khripach et al., 2000). However, since usage of synthetic BRs in agriculture is
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limited due to high cost of commercial preparation, genetic approaches to
modulate endogenous BR activity by manipulating genes involved in either BR
biosynthesis or signalling have been undertaken (Divi and Krishna, 2009a). The
first

attempt

to

manipulate

endogenous

BR

levels

involved

ectopic

overexpression of AtDWF4 under the control of the cauliflower mosaic virus
(CAMV) 35S promoter in transgenic A. thaliana, leading to >2-fold increase in the
total number of branches and siliques and 59% increase in seed yield as
compared to controls (Choe et al., 2001). The increase in seed yield in transgenic
plants is paralleled by a 40% increase in inflorescence height at maturity.
Similarly, overexpression of a DWF4 ortholog in maize increased seed yield,
branch numbers and height of the florescence stem (Liu et al., 2007).
Overexpression of C-22 hydroxylases of A. thaliana, rice and maize origin
(AtCYP, OsCYP and ZmCYP) in rice under the control of an adenosylmethionine
synthase promoter resulted in transgenic plants with an increase in grain yield by
15 to 44% (Wu et al., 2008). The transgenic rice plants also showed increases in
tiller number, height and diameter, and increases in leaf length and angle.

The role of BRs in cotton fiber development was derived not only from the higher
expression of BR-biosynthetic genes during cotton fiber elongation (Shi et al.,
2006), but also from the observation that overexpression of the BR biosynthetic
gene GhDET2 in cotton increased fiber number and fiber length by 22.6% and
10.7%, respectively (Luo et al., 2007).

Although it was generally accepted that loss-of-function of a BR-biosynthetic or
signaling gene would not be a viable option for manipulating yield, Sakamoto et
al. (2006) demonstrated that slight decreases in BR levels or in BR signaling can
significantly increase yield owing to changes in plant architecture. Rice has two
C-22 hydroxylases; one is involved primarily in shoot and reproductive
development, while the second controls leaf inclination (Sakamoto et al., 2006).
Loss of the former results in a semi-dwarf phenotype with small seeds, while the
loss of the latter results in shorter plants with erect leaves. Under dense planting
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conditions, the above-ground biomass of mutant plants with erect leaves
(osdwarf4-1) was increased by nearly 40% as compared to controls. This
increase in yield derives from the fact that erect leaves allow greater penetration
of light to lower leaves, thereby favouring photosynthetic rates, which leads to
increase in panicle number. Similar to osdwarf4-1, a weak mutant allele of the
rice BR-receptor (OsBRI1), d61-7, also displayed the erect-leaf phenotype, and
while there was no difference in the grain yield between d61-7 and WT, a 35%
increase in biomass was observed in d61-7 at high planting density (Wu et al.,
2008). Further manipulation of OsBRI1 involving cosuppression generated two
erect-leaf transgenic lines, BKD11 and BKD22, that were 35 and 26% higher in
yield potential as compared to the WT. Ectopic expression of AtBAK1, a BR
coreceptor, in rice also led to semi-dwarfed transformants with normal fertility and
seed yield. While the utility of these plants in field under different planting
conditions remains to be tested, their phenotypes support the notion that genetic
modulation of BR signaling can alter plant architecture that have potential
applications in crop improvement (Wang et al., 2007).

1.1.7 BRs and stress-tolerance

Plants respond to abiotic and biotic factors in the environment. These include
drought, high salt, changes in temperature and light, heavy metals, wounding,
and pathogen and pest attacks. In addition to their growth-promoting effects, BRs
have also been implicated in plant responses to abiotic and biotic environmental
stresses (Divi and Krishna, 2009a). The effects of exogenous BR treatments on
plants under standardized stress conditions have demonstrated the stress
protective role of BR in a reproducible manner. In addition, studies with BRsignaling mutants and genome-wide expression data have also provided
convincing data for a role of BR in plant stress responses (Divi and Krishna,
2009b).
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Response to oxidative stress

Cellular homeostasis in terms of maintaining the level of reactive oxygen species
(ROS) is very important for proper growth and development in plants (Gapper
and Dolan, 2006). ROS are continuously produced during photosynthesis and
respiration, and the cellular redox homeostasis is efficiently controlled by
integrated and functionally redundant protective mechanisms. Disruption of these
protective mechanisms often generates oxidative stress, leading to the
accumulation of ROS that causes damage and death of the cells (Gapper and
Dolan, 2006). Almost every kind of environmental stress can disrupt the cellular
homeostasis up to a certain level. BRs can modify both enzymatic and nonenzymatic antioxidant systems that are involved in maintaining ROS homeostasis
and in protecting cells from ROS-induced damage (Nunez et al., 2003; Ozdemir
et al., 2004). EBR treatment increased the levels of catalase (CAT), peroxidase
(POD) and superoxide dismutase (SOD) in response to high temperature (400C)
in tomato leaves (Mazorra et al., 2002). Similarly, treatment with BL increased the
activities of SOD, CAT, ascorbate peroxidase (APX) along with levels of ascorbic
acid and carotenoids in maize (Zea mays) seedlings subjected to water stress (Li
et al., 1998). On the other hand, BRs enhanced the activity of CAT and reduced
the activities of POD and ascorbic acid oxidase under osmotic stress conditions
in sorghum (Vardhini and Rao, 2003). BR-treated rice seedlings exposed to
saline stress had significant increases in the activities of CAT, SOD and
glutathione reductase (GR) and a slight increase in APX (Nunez et al., 2003).
Treatment of salt-sensitive varieties of rice with EBR increased salt tolerance of
seedlings, which correlated with higher APX activity (Ozdemir et al., 2004).

Response to osmotic stress

Plants can experience osmotic stress from a number of environmental conditions,
e.g., drought, high-salt, freezing, and hypoxia. BRs can diminish the negative
effects of osmotic stress on plant growth. The application of BRs enhanced
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sorghum seedling growth under osmotic stress (Vardhini and Rao, 2003), and
improved nodule development in Phaseolus vulgaris (French bean) under water
stress condition (Upreti and Murti, 2004). Soaking the roots of Robinia
pseudoacacia L. in BL prior to planting increased survival and growth of
seedlings under drought stress conditions (Li et al., 2008). These seedlings
accumulated higher levels of osmolytes like proline and soluble sugars, had
higher leaf-water content and greater increases in the activities of antioxidant
enzymes like SOD and POD as compared to the untreated seedlings. In addition,
the reduction of transpiration rate and stomatal conductance under osmotic
stresses were less in BR-treated seedlings as compared to the untreated
seedlings (Li et al., 2008). BR application also had a positive effect on the growth
of drought tolerant (C306) and drought-susceptible (HD2329) wheat varieties
under water stress conditions. The relative water content, nitrate reductase
activity, chlorophyll content and photosynthesis were higher in BR-treated C306
and HD2329 plants as compared to untreated plants (Sairam, 1994). The treated
plants also had more biomass and grain yield at harvest as compared to
untreated plants.

Response to saline stress

Seed germination and seedling growth in plants are greatly inhibited by salinity
stress. BRs reduced the salinity-induced inhibition of seed germination and
seedling growth in rice by restoring the level of chlorophyll and increasing the
activity of nitrate reductase under salt stress (Anuradha and Rao, 2001). EBR
application resulted in substantial improvement in seed germination and seedling
growth of Eucalyptus camaldulensis under salt stress generated by 150 mM NaCl
(Bazguz and Hayat, 2009). The treatment of chickpea seeds with BL prior to salt
stress resulted in enhanced level of nitrogen fixation in germinated seedlings,
with an increase in dry matter content and higher seed yield at harvest as
compared to untreated seeds (Ali et al., 2007). BR also reduced the oxidative
damage generated by salt stress in salt-sensitive IR-28 rice by increasing the
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activity of APX (Ozdemir et al., 2004). It was demonstrated that BR can enhance
the level of wheat germ agglutinin (WGA), an indicator for environmental
stresses, in wheat under salt stress in an ABA independent fashion. A
combination of treatment with BRs and NaCl resulted in partial growth recovery
as compared to the action of NaCl alone in wheat (Shakirova et al., 2002).

Response to temperature stress

The ability of BRs to improve seed germination and seedling growth under lowtemperature stress was demonstrated in different plant species, such as rice,
maize and cucumber (Bajguz and Hayat, 2009). BR promoted epicotyl elongation
and partial recovery of seedling growth in mung bean under chilling stress
(Huang et al., 2006). A proteomic analysis in the same system identified a
number of proteins predicted to have roles in cellular growth, ATP synthesis and
stress responses to be up-regulated by EBR (Huang et al., 2006). Treatment of
banana plants with trihydroxylated spirotane, a BR analogue, reduced the level of
necrotic areas on the leaves in response to temperature stress. In addition, the
average height of the BR-treated plants was significantly increased under warmer
temperatures (Bajguz and Hayat, 2009). Application of EBR minimally increased
freezing tolerance of bromegrass (Bromus inermis) cells, but markedly enhanced
cell viability following exposure to high temperature stress (Wilen et al., 1995).
Molecular analysis revealed that EBR treatment increased accumulation of a
subset of ABA-inducible heat-stable proteins in bromegrass cells. However,
unlike ABA, EBR did not induce the expression of dehydrin transcripts, but did
increase the levels of Hsp90 transcripts during temperature stress. These results
indicated that EBR confers stress tolerance to plant cells by mechanisms similar
only in part to that of ABA (Wilen et al., 1995). Recently, transgenic plant lines of
A. thaliana overexpressing AtDWF4 under the control of a seed-specific promoter
displayed more resistance to low-temperature stress and ABA inhibition of
germination (Divi and Krishna, 2010)
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Studies by Dhaubhadel et al. (1999, 2002) demonstrated that treatment with EBR
increases the basal thermotolerance of B. napus and tomato seedlings, which
correlates with: 1) higher accumulation of four major classes of heat shock
proteins (hsps, hsp100, hsp90, hsp70, and low-molecular-weight hsps), 2)
maintenance of protein synthesis, and 3) increased levels of some translation
elongation and initiation factors, as compared to untreated seedlings. In all, EBR
treatment appeared to protect the translational machinery by limiting the loss of
some of the components during heat-stress, and by promoting the expression of
some of the components during post-stress recovery, leading to a more rapid
resumption of cellular protein synthesis following heat stress and a higher
survival rate (Dhaubhadel et al., 1999, 2002). Further investigation to identify
additional BR-induced gene expression changes in B. napus seedlings showed
that the expression levels of genes encoding a mitochondrial transcription
termination factor (mTERF)-related protein, glycine-rich protein 22 (GRP22),
myrosinase, and 3-ketoacyl-CoA thiolase were substantially changed in EBRtreated

seedlings.

Transcripts

of

mTERF-related

protein,

GRP22,

and

myrosinase were present at approximately 2-, 4-, and 6-fold higher levels,
respectively, in treated seedlings under nonstress conditions, whereas those of 3ketoacyl-CoA thiolase rose to higher levels in untreated seedlings before stress,
but in treated seedlings during heat stress and recovery periods (Dhaubhadel
and Krishna, 2008).

EBR treatment was also effective in increasing the basic thermotolerance of A.
thaliana seedlings, however, unlike in B. napus, hsp levels were more or less the
same in EBR-treated and untreated A. thaliana seedlings (Kagale et al., 2007).

Response to pathogen stress

The ability of BR to enhance plant resistance against a broad range of pathogens
(viruses, bacteria and fungi) has been suggested in a number of studies. EBR
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application to barley plants in the field significantly decreased the extent of leaf
diseases caused by fungal infection, along with an increase in crop yield
(Korableva et al., 2002). A comparison between the fungicide Bayleton and BR
treatments indicated that EBR was more effective in promoting resistance against
fungal diseases as compared to Bayleton (Korableva et al., 2002). Similarly,
application of EBR to cucumber plants in a field-trial resulted in higher protection
against fungal infection, coupled with an increase in the activities of POD and
polyphenoloxidase in EBR-treated plants as compared to untreated plants
(Korableva et al., 2002). The application of BL increased resistance of tobacco
plants against tobacco mosaic virus (TMV), Pseudomonas syringae pv. tabaci
(Pst) and Oidium sp., and of rice against Magnaporthe grisea and Xanthomonas
oryzae pv. Oryzae (Nakashita et al., 2003). The authors of this study reported
that the level of salicylic acid (SA) and the expression of SA-responsive genes
remain unchanged in BL-treated plants, indicating that BR-mediated pathogen
stress response is independent of the SA-mediated systemic acquired response
(SAR) (Nakashita et al., 2003). In contrast to these results, the SA-responsive
pathogenesis-related (PR) genes were expressed at low levels in cpd, a mutant
impaired in BR biosynthesis in A. thaliana, but at significantly higher levels in
transgenic plants overexpressing the CPD gene (Szekeres et al., 1996),
indicating that BR may mediate pathogen resistance, at least in part, through SAmediated SAR. Limited exposure of A. thaliana seedlings to BL also induced the
expression PR1 and PR2 (Szekeres et al., 1996).

While the general conclusion from these observations is that BRs have potential
as fungicides, BR concentration, timing and length of BR treatment, and the
method of BR application, are important considerations when using BRs as
fungicides. For example, a long-term treatment (14 days) of tomato plants with
EBR considerably reduced the disease symptoms caused by Verticillium dahliae
infection, but a short-term EBR treatment (24 h) prior to inoculation with V.
dahliae had no affect (Krishna, 2003).
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Genetic evidence for the role of BR in plant stress responses

In comparison to the numerous studies involving exogenous BR application and
stress resistance, only a few genetic studies have been conducted to confirm this
property. One of the most convincing evidence for the role of BR in stress
tolerance came from the analysis of a rice knock-out (KO) mutant line Osgsk1
(Koh et al., 2007). OsGSK1 is the rice ortholog of BIN2, a negative regulator of
BR-response in A. thaliana. Osgsk1 mutant line was obtained by T-DNA insertion
and the seedlings displayed enhanced tolerance to cold, heat, salt, and drought
stresses when compared with non-transgenic (NT) segregants. The wilting ratios
for KO mutants were about 20, 26 and 36% lower as compared with NT plants
after cold, heat, and salt stress, respectively (Koh et al., 2007). In addition, an
elevated expression of abiotic stress-responsive genes was observed in the KO
plants under different abiotic stress conditions. A study of ectopic overexpression
of AtHSD1, a putative steroid regulatory gene from A. thaliana, in B. napus
resulted in transgenic B. napus plants that were higher yielding, and more
tolerant to salt stress as compared to WT (Li et al., 2007). Transgenic A. thaliana
overexpressing AtDWF4 under the control of a seed-specific oleosin promoter
were more tolerant to cold-stress and ABA-mediated inhibition of germination
(Divi and Krishna, 2010). Convincing evidence from these genetic studies along
with systematic molecular studies of BR application to B. napus and A. thaliana
seedlings (Dhaubhadel et al., 1999, 2002; Dhaubhadel and Krishna, 2008;
Kagale et al., 2007) strongly indicate that BR has an important physiological role
in conferring stress tolerance in plants.

Cross-talk of brassinosteroids with other plant hormones

BRs interact with other plant hormones. BRs exert an additive effect with
gibberellin (Mayumi and Shibaoka, 1995) and a synergistic effect with auxin on
stem segment elongation (Katsumi, 1991). Co-application of BR and gibberellin,
or BR and auxin resulted in a synergistic increase in hypocotyl elongation in A.
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thaliana seedlings (Tanaka et al., 2003). Since different plant hormones can
regulate similar physiological processes, and cross-talk between different
hormones can occur at the level of hormone biosynthesis, signal transduction or
gene expression (Nemhauser et al., 2006), it was proposed that BR regulates
plant stress responses via cross-talk with other hormones (Krishna, 2003).
Indeed, studies of BR effects on the expression of different hormone biosynthetic
and/or signalling genes have confirmed this notion (Divi et al., 2010).

The plant growth regulators with documented roles in plant adaptation to abiotic
and biotic stresses are ABA, ethylene (ET), jasmonic acid (JA) and SA (Divi et
al., 2010). Exogenous application of BL increased ET levels in A. thaliana under
normal growth conditions (Arteca and Arteca, 2001). A study by Kitanga et al.
(2006) suggested that endogenous JA levels are regulated by the additive effect
of both gibberellins and BRs. JA is one of the signal molecules that integrates the
regulation of stress response and development of plants (Schaller et al., 2005).
The expression of OPR3, encoding a JA biosynthetic enzyme, is induced by BR
and a variety of stimuli like UV-light, touch, wind and wounding. This indicates a
potential link between BR action and JA biosynthesis (Mussig et al., 2000).

The role of BR in plant responses to temperature stress has been confirmed in a
number of studies (Dhaubhadel et. al., 1999; 2002, Dhaubhadel and Krishna,
2008; Kagale et al., 2007). SA, a phytohormone involved in biotic stress
tolerance, also has important roles in basal and acquired thermotolerance in
plants (Clark et al., 2004; Larkindale et al., 2005). Divi et al. (2010) recently
demonstrated that the NONEXPRESSOR OF PATHOGENESIS-RELATED
GENES1 (NPR1), a protein well recognized for its role in SA-mediated pathogen
defense responses, is a critical component of BR-mediated temperature and salt
stress tolerance in A. thaliana. Although treatment with EBR enhanced the basal
thermotolerance of SA-deficient eds5-1 and SA-overproducer cpr5-2 seedlings,
this effect was absent in the case of npr1-1 mutant seedlings. Similarly, EBR
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failed to enhance survival of npr1-1 under NaCl-mediated salinity stress
conditions (Divi et al., 2010).

It has been assumed for a long period of time that BRs have an antagonistic
relationship with ABA in growth and stress responses in A. thaliana. The effect of
ABA on germination inhibition was more pronounced in BR-deficient mutant as
compared to the WT Steber and McCourt, 2001). Furthermore, transgenic A.
thaliana plants overexpressing the BR biosynthesis gene AtDWF4 displayed
tolerance to ABA inhibition of germination (Divi and Krishna, 2010). An
antagonistic interaction of ABA and BR was observed in the expression of A.
thaliana BR early response genes BEE1, BEE2 and BEE3 (BR Enhanced
Expression) (Frieddrichsen et al., 2002). The expression of these genes was
repressed by ABA treatment. A. thaliana bee1, bee2 and bee3 mutants showed
less response to exogenous BR in the hypocotyl growth assay, while transgenic
plants

overexpressing

BEE1

displayed

insensitivity

to

ABA

treatment

(Frieddrichsen et al., 2002).

Recent biochemical studies have demonstrated that ABA inhibits BR signaling
outputs as indicated by the phosphorylation status of BES1 and BR-responsive
gene expression (Zhang et al., 2009). Although most of the data seems to
indicate that ABA and BR mask each other’s effects, there exists a report linking
BR with increase in ABA levels in the lower plant Chlorella vulgaris under stress
condition (Bajguz, 2009). Clearly, the interaction between ABA and BR in
germination and stress tolerance mechanisms warrants further investigation.

Objective and significance of the present research

Since plants are sessile, they must survive and grow under continuously
changing environmental conditions. In this respect, the role of BRs as a
phytohormone is unique as BRs work as growth promoting agents, as well as
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protect plants from both abiotic and biotic environmental stresses. Our knowledge
of the molecular mechanisms underlying BR-mediated stress tolerance in plants
is still in its infancy. Continued investigation of the molecular mechanism of BRmediated stress responses in model plant systems is crucial from the standpoint
of understanding BR mode of action, and applying this knowledge for benefitting
agriculture. As part of the systematic study undertaken in our laboratory to
understand the mechanisms by which BR promotes stress tolerance, the
following objectives were defined for the present study:

1. to investigate the interaction of BR and ABA in BR-mediated stress
tolerance by using ABA biosynthesis and signaling mutants in A. thaliana;
2. to participate in the validation of differential expression of BR-regulated
genes identified in a microarray analysis of BR-treated and untreated A.
thaliana seedlings under no-stress and heat stress conditions, and to
analyze the stress and ABA phenotypes of knock-out mutant lines of a
subset of genes identified in the microarray screen; and
3. to carry out detailed functional characterization of two BR-regulated genes
identified in the microarray analysis.

The results of the present study show that: 1) BR promotes ABA effects, while
ABA suppresses BR anti-stress effects, 2) treatment with BR increases ABA
levels in A. thaliana, 3) several BR-regulated genes have roles in stress
tolerance, and 4) two novel BR-regulated genes control yield traits as well as
abiotic stress tolerance.
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CHAPTER 2
2.1 INTRODUCTION

Brassinosteroids (BRs) are a class of 70 closely related steroidal compounds in
plants that function as a hormone involved in regulating a wide spectrum of
physiological and developmental responses. Exogenous application of BR, as
well as genetic studies of BR biosynthetic and signaling mutants, have revealed
that

BRs

control

cell

division

and

expansion,

seed

germination,

photomorphogenesis, xylem differentiation, male fertility, flowering time, seed
yield, senescence, and adaptation to abiotic and biotic environmental stresses
(Clouse and Sasse, 1998; Krishna, 2003; Sasse, 2003; Bajguz and Hayat, 2009;
Divi and Krishna, 2009a,b). In the last decade, several BR-regulated genes have
been identified in microarray studies; a majority of these genes are associated
with cell wall modification, cytoskeleton formation, and biosynthesis of other
hormones (Vert et al., 2005).

The ability of BRs to protect plants against abiotic stresses has been
demonstrated in a number of studies (Dhaubhadel et al., 1999, 2002; Kagale et
al., 2007; Koh et al., 2007; Divi and Krishna, 2010). BR-mediated stress tolerance
correlates with higher expression of stress marker genes, such as heat shock
protein (hsp) genes, RD29A and ERD10 (Dhaubhadel et al., 1999; Kagale et al.,
2007), indicating that increased expression of stress-responsive genes is
responsible, in part, for the higher stress tolerance in BR-treated plants. Since
different plant hormones can regulate similar physiological processes, and crosstalk between different hormones can occur at the level of hormone biosynthesis,
signal transduction or gene expression (Nemhauser et al., 2006), it was proposed
that BR regulates plant stress responses via cross-talk with other hormones
(Krishna, 2003). Experimental evidence indeed points to interactions of BR with
auxin (Hardtke et al., 2007), gibberellin (GA) (Shimada et al., 2006), abscisic acid
(ABA) (Steber and McCourt, 2001; Zhang et al., 2009), ethylene (ET) (Yi et al.,
1999; Arteca and Arteca, 2001) and jasmonic acid (JA) (Ren et al., 2009),
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however, the relationship of BR with these hormones has been documented
primarily in plant growth regulatory processes. With the exception of BR-auxin
interaction, little is known in terms of genes how BR interacts with other
hormones. Auxin and BR share a number of target genes, many of which are
involved in growth-related processes (Hardtke et al., 2007). Promoter regions in
BR-responsive genes are enriched in Auxin Response Factor (ARF)-binding
sites, and binding sites of BES1 (BR-regulated transcription factor) are
overrepresented in genes regulated by both hormones. The presence of both
types of regulatory elements in gene promoters of BR-regulated and auxinregulated genes likely represents a point of cross-talk between auxin and BR.
Recently, the BR-regulated BIN2 kinase was demonstrated to phosphorylate
ARF2, a member of the ARF family of transcriptional regulators, leading to loss of
ARF2 DNA binding and repression activities (Vert et al., 2008). Thus, in this
model ARF2 links BR and auxin signaling pathways. In addition to gene
coregulation, BR can also promote auxin transport (Li et al., 2005), and optimal
auxin action is dependent on BR levels (Hardtke et al., 2007).

Phytohormones that have established roles in regulating plant stress responses
include ABA, ET, JA and salicylic acid (SA). SA, JA and ET are important in
defense responses against pathogen and pest attack (Bari and Jones, 2009),
whereas ABA is a key molecule involved in salt and drought stress (Zhu, 2002).
These hormones have also been implicated in heat stress (HS) responses.
Studies of hormone deficient and insensitive mutants have demonstrated the
involvement of SA, ET and ABA in acquired thermotolerance of plants (Larkindale
et al., 2005), and additionally for SA and JA, a role in basal thermotolerance of
plants (Clarke et al., 2004; Clarke et al., 2009).

With respect to known stress hormones, there exists evidence to indicate that
exogenous BR increases ET and JA levels under normal growth conditions (Yi et
al., 1999; Kitanaga et al., 2006), and ABA levels in the lower plant Chlorella
vulgaris under stress condition (Bajguz, 2009). More recently it was
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demonstrated that ABA inhibits BR signalling outputs possibly through an effect
on BIN2, the negative regulator of BR signalling (Zhang et al., 2009).

Given the major role of ABA in the abiotic stress tolerance mechanisms of plants,
I hypothesized that BR and ABA interact with one another under stress conditions
and control the output of stress responses. To understand this interaction, I used
Arabidopsis thaliana mutants disrupted in ABA biosynthesis or signaling to study
BR’s effect on seedling phenotypes and gene expression under normal and
stress condition (high temperature). The results of the present study indicate that
endogenous ABA inhibits BR effects during HS, and that BR shares
transcriptional targets with ABA. These results have been published as part of a
larger study in which cross-talk of BR with ET, JA and SA during stress was also
studied (Divi, U.K., Rahman, T., and Krishna, P. 2010. Brassinosteroid-mediated
stress tolerance in Arabidopsis shows interactions with abscisic acid, ethylene
and salicylic acid pathways. BMC Plant Biol. 10, 151). Only the results related to
the interaction of BR with ABA are reported here.

2.2 MATERIALS AND METHODS

2.2.1 Plant material and growth conditions

The aba1-1 (CS21) and abi1-1 (CS22) mutants were obtained from the
Arabidopsis Biological Resource Center (ABRC; Ohio State University,
Columbus, OH). Both mutants are from A. thaliana Landsberg erecta (Ler)
background (Koornneef et al., 1982; 1984); therefore WT Ler was used as control
in the experiments. Seedlings were grown as described by Kagale et al. (2007).
Seeds were surface sterilized and plated on 1X Murashige and Skoog medium
(Sigma, St. Louis) supplemented with B5 vitamins, 1% (w/v) agar, 1% sucrose,
and either 1 µM 24-epibrassinolide (EBR) or 0.01% ethanol (solvent for EBR).
The plates were kept for 3 days in the dark at 40C to encourage synchronized
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germination and then transferred to 220C with a 16/8 h photoperiod (80 µmol m-2
s-1).

2.2.2 Heat stress treatments

The thermotolerance assay of WT and mutant seedlings was performed
according to Kagale et al. (2007) with minor modifications. Seedlings grown at
220C for 21 days were exposed to 430C for 1 to 4 h and scored as dead or
surviving after 7 days of recovery at 220C. Seedlings that were completely
bleached were considered dead and those with green leaves were considered
surviving. Plant tissue was collected at different time points of the stress
treatment, and quick-frozen for RNA and protein isolation and for the
Thiobarbituric Acid Reactive Substances (TBARS) assay.

2.2.3 TBARS assay
TBARS assay was performed according to Heath and Packer (1968). Seedlings
grown at 220C for 21 days were subjected to 430C for 3 h and then allowed to
recover for 2 days at 220C. Seedlings were quick frozen in liquid nitrogen and 0.5
g of the tissue was ground in 1 mL of solution containing buffer 1 and buffer 2 in
equal proportions (buffer 1: 0.5 mL of 0.5% (w/v) thiobarbituric acid in 20% (v/v)
trichloroacetic acid; buffer 2: 0.5 mL 175 mM Nacl in 50 mM Tris, pH 8.0). Ground
samples were heated to 940C for 1 h, centrifuged at 13,000 rpm for 20 min, and
the absorbance of the supernatant was measured at 532 and 600 nm. The levels
of TBARS were deduced from the malonaldehyde standard curve and in each
case the TBARS levels in the EBR-treated samples were compared to that of
untreated control samples. Values in Figure 2.2A were averaged from three
replicates.

2.2.4 Protein extraction and western blotting
Extraction of total proteins and western blotting were carried out as described by
Dhaubhadel et al. (1999). Seedlings grown at 220C for 21 days were either
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maintained at 220C or subjected to 430C for 3 and 4 h. Seedling tissue above the
medium was harvested, frozen in liquid nitrogen and stored at -800C. Frozen
tissue was ground in protein extraction buffer (25 mM Tris-HCL pH 8.0, 1 mM
EDTA, 20 mM NaCl, 1 mM PMSF, 1 mM benzamidine, 1 µg/ml leupeptin and 2
µg/ml aprotinin) and after centrifugation at 13,000 rpm (microcentrifuge) for 30
min, the supernatant was transferred to a new tube. Protein concentration was
determined by the Bradford assay. Total proteins (15 µg) were separated on a
7.5% SDS-polyacrylamide gel and transferred onto nitrocellulose membrane by
electroblotting using the Trans-blot Semi-Dry Electrophoretic Transfer Cell
(BioRad, Hercules, CA, USA). Hsp90 was detected by sequential incubation with
the polyclonal R2 antisera (Krishna et al., 1997) and the peroxidase conjugated
anti-rabbit IgG, each at a dilution of 1:5,000, followed by chemiluminescent
detection (ECL system, Amersham, Baie d’Urfe, QC). Band densities were
quantified by densitometry with NIH ImageJ software (http://rsbweb.nih.gov/ij/).
2.2.5 RT-PCR analysis
RNA was extracted from 21-day-old seedlings grown at 220C using the SV Total
RNA Isolation System (Promega, Madison, WI). Total RNA (3 µg) was reverse
transcribed using the oligo (dT)18 primer and Super Script First Strand Synthesis
System for RT-PCR (Invitrogen, Carlsbad, CA). PCR was carried out with an
initial denaturation step of 940C for 5 min followed by various cycles of
denaturation (40 s at 940C), annealing (45 s at 530C), and extension (45 s at
720C). After the last cycle, a final extension was carried out for 5 min at 72 0C.
PCR was performed for 32 cycles for LTP4 and RD22; and 21 cycles for ACTIN
(control gene).
The following primers were used for amplifying LTP4, RD22 and ACTIN:
RD22-F: 5' GCGAGCTAAAGCAGTTGCGGTATG,
RD22-R: 5' CGGCTAGTAGCTGAACCACACAAC,
LTP4-F: 5’CACCAACTGCGCCACCATCAAG,
LTP4-R: 5’GCCATCAAGACAAACAAAGAC,
ACTIN-F: 5’TGCTCTTCCTCATGCTAT,
ACTIN-R: 5’ATCCTCCGATCCAGACACTG.
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2.3 RESULTS

2.3.1 EBR effects on basal thermotolerance in ABA mutants

It was previously observed that EBR can enhance the basic thermotolerance of
Brassica napus, tomato and A. thaliana, and that the effects of EBR on stress
tolerance are most pronounced when seedlings are grown in the presence of
EBR for several days (long-term treatment) (Dhaubhadel et al., 1999, 2002;
Kagale et al., 2007). Thus, it is expected that in addition to EBR, secondary
effects involving other phytohormones may also play a role in this process
(Krishna, 2003).

ABA is known to be involved primarily in drought and salt stress tolerance in
plants (Zhu et al., 2002; Raghavendra et al., 2010), and is also postulated to
have a role in thermotolerance in A. thaliana (Larkindale and Knight 2002;
Larkindale et al., 2005). To see if BR effect on thermotolerance is mediated via
ABA, I analyzed EBR effects on an ABA-deficient mutant aba1-1 and an ABAsignaling mutant abi1-1 by exposing 21-day-old seedlings to 430C for 1 h, 2 h, 3 h
and 4 h, allowing them to recover at 220C for 7 days and then scoring for dead
and surviving seedlings. The ABA1 gene (gene ID: At5g67030) encodes a
biosynthetic enzyme zeaxanthin epoxidase that functions in the first step of ABA
biosynthesis (Koornneef et al., 1982). The ABI1 gene (gene ID: At4g26080)
encodes a type 2C protein phosphatase, a negative regulator of ABA response
involved in dephosphorylating SnRK2 kinases in the ABA signaling pathway
(Weiner et al., 2010). The aba1-1 mutant is deficient in normal endogenous level
of ABA (Barrero et al., 2005), whereas the abi1-1 mutant carries a dominant
negative mutation in the ABI1 protein (Wu et al., 2003). Both mutants are
impaired in stomatal closure and display symptoms of wilting and withering under
low relative humidity (Koornneef et al., 1982, 1984). Since ABA has been linked
with HS tolerance (Larkindale and Knight 2002; Larkindale et al., 2005), it was
expected that both aba1-1 and abi1-1 seedlings would be more sensitive to HS
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than WT even in the presence of EBR. Contrary to that expectation the positive
effect of EBR on seedling survival was found to be most distinct in aba1-1 (Figure
2.1A, B). At 3 h of HS, most untreated (C) WT and abi1-1 seedlings were dead or
damaged, while most EBR-treated (E) seedlings were unaffected (Figure 2.1A).
At 4 h of HS, most of the EBR-treated WT and abi1-1 seedlings were also
damaged by stress, although they had slightly better survival rates than untreated
seedlings (Figure 2.1B). However, in the case of aba1-1 a significantly larger
proportion of EBR-treated aba1-1 seedlings (46.33%) survived the lethal HS
treatment (4 h at 430C) as compared to WT (14.3%) and abi1-1 (15%) seedlings
(Figure 2.1B). These results were obtained reproducibly and suggest that
endogenous ABA masks BR effects on the HS response pathway of WT A.
thaliana seedlings. These data also indicate that since EBR could increase the
basal thermotolerance of both ABA mutants, that BR exerts anti-stress effects to
some degree that are independent of ABA.

An interesting observation for which there is good explanation at this point in time
is that untreated aba1-1 seedlings with 35% survival percentage were more
resistant to 3 h of HS than untreated WT (16%) and abi1-1 (18.33%) seedlings
(Figure 2.1B).

2.3.2 EBR effects on oxidative damage in ABA mutants

HS produces oxidative damage, which as a result of lipid peroxidation leads to
the production of TBARS (Heath and Packer 1968; Larkindale et al., 2005). To
complement the results of the HS phenotype of seedlings, oxidative damage
levels

were

assessed

under

untreated

and

EBR-treated

conditions.

Measurements of TBARS in time course experiments determined that oxidative
damage was scored the highest during recovery from HS (data not shown).
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Figure 2.1 The EBR effect on HS tolerance was most pronounced in ABAdeficient aba1-1 mutant as compared to WT and ABA-insensitive abi1-1.
A) WT and mutant seedlings grown on nutrient medium for 21 days in the
absence (C) or presence of 1 μM EBR (E) were exposed to HS at 430C for 1 to 4
h. Photographs of the seedlings were taken after recovery at 220C for 7 days.
B) Proportion of WT and mutant seedlings surviving the lethal HS at 430C for the
duration of 3 h and 4 h. Seedlings grown and treated as described in methods
were scored as dead or surviving after 7 days of recovery at 220C. Data shown
are average of three replicates. White and black bars are indicating the survival
of the seedlings grown the absence (C) or presence of 1 μM EBR (E). Error bars
represent standard error (SE) of mean for three replicates. Asterisks above the
histograms indicate the significance of differences between untreated and EBRtreated genotypes as analyzed by a Student’s t-test (**p <0.01; *p <0.05).
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Therefore, seedlings exposed to HS and then allowed to recover for 2 days at
220C were used for TBARS analysis. EBR treatment reduced the levels of
oxidative damage in WT and ABA mutants as compared to their untreated
counterparts (Figure 2.2A). WT exhibited 64% reduction in TBARS production,
while the aba1-1 and abi1-1 showed 50% and 26% less in TBARS, respectively,
in response to EBR treatment (Figure 2.2A). Overall, these results demonstrated
that EBR treatment can reduce oxidative damage during HS and that this effect is
not critically dependent on ABA, although the reduction in oxidative damage by
EBR was considerably less in the abi1-1 genotype.

2.3.3 EBR induces higher accumulation of Hsp90 in aba1-1

It was demonstrated before that EBR treatment leads to significant increases in
the levels of hsps during HS in B. napus (Dhaubhadel et al., 1999; 2002), but the
effect of EBR on hsp levels in A. thaliana is subtle (Kagale et al., 2007). We
wished to see how EBR would affect the accumulation of Hsp90 in ABA mutants
in the absence of HS (220C) and in response to HS (3 h and 4 h exposure to
430C). EBR-treated aba1-1 seedlings accumulated approximately 3- and 2.5- fold
higher levels of Hsp90 at 3 and 4 h of HS, respectively, as compared to untreated
aba1-1 seedlings (Figure 2.2B). By contrast, EBR-treated WT seedlings showed
a maximum of 1.3-fold increase in Hsp90 levels at 4 h of HS as compared to
untreated seedlings. The fold-change values are average of three different
experiments, which consistently produced the same pattern of protein
accumulation. The accumulation of Hsp90 in abi1-1 was similar to that in WT
under both EBR-treated and untreated conditions (data now shown). Thus, with
respect to higher survival following HS and greater accumulation of Hsp90 during
HS, EBR produced most distinct effects in the ABA-deficient aba1-1 mutant.
These results reinforce the idea that ABA suppresses BR effects in WT
seedlings. Although convincing evidence for antagonism between BR and ABA in
plant growth regulatory process has been provided before (Steber and McCourt,

49

Figure 2.2 Effect of EBR treatment on heat induced-oxidative damage, hsp90
accumulation and expression of ABA-response genes in the WT and mutant
seedlings.

A) Percent TBARS was measured for untreated (C) and EBR-treated (E) WT and
mutant seedlings exposed to 430C for 3 h and allowed to recover at 220C for 2
days. Data shown are average of three replicates. Error bars represent SE of
mean for three replicates. The differences between the (C) and (E) values were
significant to p <0.02.
B) Total protein was isolated from WT (Ler) and aba1-1 seedlings grown in the
absence (C) or presence (E) of EBR at 220C and either maintained at 220C or
exposed to 430C for 3 h and 4 h (HS). Samples were analyzed by Western
blotting using an anti-hsp90 antibody. Coomassie blue staining of ribulose-1, 5biphosphate carboxylase/oxygenease (rubisco) was used as loading control.

C) Total RNA was isolated from WT and mutant seedlings grown in the absence
(C) or presence (E) of EBR at 220C, and transcript levels of LTP4 and RD22 were
analyzed by RT-PCR. ACTIN was included as a control for constitutive
expression.
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2001), the demonstration at the genetic and molecular levels of an antagonistic
relationship between the two hormones in plant stress response is new.

2.3.4 EBR upregulates the expression ABA–response genes in both WT and
ABA mutants

Plant hormone responses in A. thaliana have been correlated with the expression
of hormone–specific marker genes. We studied the expression, both before and
after treatment with EBR, of RD22 and LTP4 genes that are known to be
regulated primarily by ABA (Iwasaki et al., 1995; Arondel et al., 2000). LTP4
transcript levels increased dramatically in response to EBR treatment in WT and
abi1-1, but not in aba1-1 (Figure 2.2C). The transcript levels of RD22 were
significantly upregulated by EBR in WT, but only slightly in aba1-1 and abi1-1
backgrounds (Figure 2.2C). These results indicate complex interactions between
ABA and BR in controlling the final output of the gene expression. It is possible
that RD22 and LTP4 are overlapping gene targets of BR and ABA.

2.4 DISCUSSION

In the present study we focused on understanding BR interactions with other
stress hormones in mediating increase in stress tolerance mainly because 1) BR
is known to interact with other plant hormones in regulating plant developmental
processes, 2) multiple hormone signaling pathways play a role in acquisition of
stress tolerance, and 3) long-term BR treatment, leading to increases in stress
tolerance, likely involves both direct and indirect effects of BR. We further
rationalised that even if BR works to some extent independently of other
hormones in conferring heat tolerance, the mere fact that ABA, BR, ET, JA and
SA all play a role in thermotolerance of A. thaliana plants suggests that there
must be some redundant and some specific events in the mechanisms by which
these hormones produce their effects. With the exception of BR where some
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information has been obtained (Dhaubhadel et al., 1999, 2002, 2008; Kagale et
al., 2007), molecular changes mediated by ABA, ET, JA and SA that lead to
thermotolerance are largely unknown. A number of ABA-regulated genes have
been

implicated

in

drought

tolerance

(Zhu,

2002).

Recent

functional

characterization of the ABA-regulated ERD10 and ERD14 indicated that these
proteins could prevent the heat-induced aggregation and/or inactivation of
various enzyme substrates (Kovacs et al., 2008). Thus, induction of genes
functionally similar to molecular chaperones by ABA during HS may help combat
the denaturing stress effects of HS.

Previous studies involving treatment with exogenous ABA (Larkindale and Knight,
2002), aba and abi mutants (Larkindale et al., 2005), and high ABA producing
lines (Ristic and Cass, 1992), have demonstrated the positive effects of ABA on
thermotolerance. Under the experimental conditions of the present study, the
differences in the survival rates between EBR-untreated WT and ABA mutant
seedlings were not striking, but in the case of EBR treatment of seedlings, the
most pronounced effects with respect to survival within this set of plants was
seen in aba1-1 seedlings (Figure 2.1A, B). This observation indicates that
endogenous ABA in WT most likely suppresses BR effects. This notion is
supported further by consistent higher accumulation of Hsp90, a representative of
the hsp families of proteins that are known markers of thermotolerance, in only
aba1-1 seedlings as compared to WT (Figure 2.2B) and several other hormone
mutant genotypes (data not shown). It should be noted that neither ABA nor BR
mutants are compromised in hsp accumulation (Larkindale et al., 2005; Kagale et
al., 2007, present study). Although treatment with exogenous EBR can
significantly increase hsp accumulation in B. napus (Dhaubhadel et al., 1999;
2002), this effect in A. thaliana is only slight (Kagale et al., 2007). Thus, the clear
enhancement of Hsp90 accumulation in response to EBR during HS in aba1-1,
but not in WT (Figure 2.2B), confirms that endogenous ABA levels suppress BR
effects in WT even under stress conditions. While this work was under
preparation, a study showed that ABA increases the expression levels of BR
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biosynthesis genes DWF4 and CPD to a greater extent in aba1 than in WT
(Zhang et al., 2009), reinforcing the idea that ABA inhibits BR signaling in WT
and that this inhibition is relieved in the aba1 background.

Although EBR treatment led to decreases in oxidative damage, expressed as
lipid peroxidation levels, in both WT and mutant seedlings, contrary to the
expectation that the decrease would be the most in EBR-treated aba1-1, the
greatest decrease was seen in EBR-treated WT seedlings (Figure 2.2A). Since
several factors contribute to the production of reactive oxygen substances (ROS)
levels, as well as to thermotolerance levels, it is likely that a direct correlation
between TBARS levels and survival or damage is not possible. Also the TBARS
were measured during a single time point of recovery, which may not reflect the
entire picture. The value of the data lies in demonstrating that EBR can decrease
oxidative damage in different genotypes to varying extents.

Although BR and ABA display an antagonistic relationship in some physiological
responses, we observed in a microarray experiment that several ABA-responsive
genes and one ABA biosynthesis gene were upregulated by EBR and HS
(Chapter 2). These results suggest that ABA levels rise in response to HS in A.
thaliana and that this increase may be further augmented by BR treatment.
Indeed, ABA content has been reported to be increased in pea leaves by HS (Liu
et al., 2006) and in response to BR under HS in C. vulgaris (Baiguz, 2009).
Based on these results it can be speculated that BR augments ABA levels and
ABA-related effects during HS, but it is only when ABA levels are compromised
that the BR effects of enhancing stress tolerance become apparent. Overall, our
data indicates that ABA inhibits BR effects in abiotic stress responses and that
BR has regulatory inputs in the expression of ABA-responsive genes, which may
result from the action of the BR pathway either on the promoters of ABA
biosynthetic genes, or on the regulation of any component in ABA signaling
pathway and vice versa.
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CHAPTER 3

IDENTIFICATION OF BRASSINOSTEROID-RESPONSE GENES
UNDER NO STRESS AND STRESS CONDITIONS
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CHAPTER 3

3.1 INTRODUCTION

Brassinosteroids (BRs) are a class of steroidal compounds that are essential for
normal growth and development in plants. BRs control cell expansion,
embryogenesis, vascular differentiation, photomorphogenesis, leaf development,
flowering time, and senescence (Clouse and Sasse, 1998; Sasse, 2003; Clouse,
2008), as well as stress responses (Krishna, 2003; Divi and Krishna, 2009a,b).
Over the last 15 years, biochemical and molecular genetic studies have
uncovered a number of BR signaling components in the model plant Arabidopsis
thaliana, contributing to our understanding of how steroid-regulated gene
expression works in plants.

Unlike animal steroids that are perceived by

intracellular receptors, BR binds to the plasma membrane-localized leucine-rich
repeat (LRR) receptor-like kinase (RLK) BRI1 (Li and Chory, 1997). BR binding to
BRI1 causes its dissociation from BKI1, and facilitates autophosphorylation as
well as association and transphosphorylation between BRI1 and its co-receptor
BAK1 (Nam and Li, 2002; Wang and Chory, 2006). The activated BRI1
phosphorylates BSK1 promoting it’s binding to the phosphatase BSU1 (Tang et
al., 2008; Kim et al., 2009). Subsequently BSU1 inactivates the GSK3-like kinase
BIN2 by dephosphorylation, thereby leading to the nuclear accumulation of
transcription factors BZR1 and BES1 (Kim et al., 2009). BZR1 and BES1 directly
bind to the promoters of BR-regulated genes to affect their expression. BZR1
binds to the CGTG(T/C)G motif found in the promoters of BR biosynthetic genes,
CPD and DWF4, to suppress their expression (He et al., 2005), while BES1 binds
to the CANNTG motif (E-box) in the SAUR-AC1 promoter to activate gene
expression (Yin et al., 2005). At present, the mode of action of BES1 and BZR1
in the expression of target genes is known for only a limited set of genes; hence,
there is a lacuna in our understanding of how BR controls multiple
growth/developmental and stress responses in plants. In view of the wide range
of physiological processes that BRs regulate, it is reasonable to assume that
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BZR1 and BES1 heterodimerize with other transcriptional factors to regulate
transcriptional processes. Indeed, BES1 has been demonstrated to interact with
BIMs that leads to enhanced binding of BES1 to the SAUR-AC1 promoter (Yin et
al., 2005), MYB30 transcription factor that acts as a positive regulator of the
hypersensitive cell-death response (Li et al., 2008), the jumonji (Jmj) domaincontaining proteins ELF6 and REF6 that are involved in regulating flowering time
(Yu et al., 2008), and the evolutionarily conserved IWS1 that is implicated in RNA
polymerase II post-recruitment and transcriptional elongation processes (Li et al.,
2010). More recently, ChIP experiments have demonstrated that BES1 can
directly bind to promoter regions of multiple anther genes, SPL/NZZ, TDF1, MS2,
MYB103, MS1 and At3g23770, supporting a role for BR in male fertility (Ye et al.,
2010).

Exogenous application of BR, as well as stress-related phenotypes of some BR
biosynthetic and signaling mutants have convincingly demonstrated the role of
BR in stress tolerance in plants (Krishna, 2003; Divi and Krishna, 2009a,b). BRmediated increase in plant tolerance to temperature, drought and salinity stress is
correlated with higher expression of stress marker genes, such as heat shock
protein

(hsp),

RD29A,

ERD10,

and

pathogenesis-related

(PR)

genes

(Dhaubhadel et al., 1999; 2002; Kagale et al., 2007; Koh et al., 2007; Divi and
Krishna 2010). An important observation made by Dhaubhadel et al. (2002) was
that BR modulates the translational machinery during heat stress (HS), leading to
higher accumulation of hsps and more rapid resumption of cellular protein
synthesis following stress. Recently we demonstrated that BR-mediated stress
tolerance involves interaction with other hormone pathways, such as those of
abscisic acid (ABA), ethylene (ET), salicylic acid (SA) and jasmonic acid (JA)
(Chapter 2; Divi et al., 2010). BR, directly or indirectly, regulates the expression
of the SA-responsive PR-1, JA/ET-responsive PDF1.2 and LOX2, and ABAresponsive RD22, and requires a functional NPR1, important for SA-mediated
systemic acquired resistance (SAR), for increasing salt and temperature stress
tolerance. Furthermore, depletion of endogenous ABA (in ABA biosynthesis
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mutant aba1-1) enhances the effect of exogenous BR on thermotolerance in A.
thaliana (Chapter 2; Divi et al., 2010), which is supported by the observation that
exogenous application of ABA inhibits BR signaling outputs by enhancing BES1
phosphorylation and inhibiting BR-responsive gene expression (Zhang et al.,
2009).

Although several microarray analyses have been conducted to identify BRregulated transcriptomes (Goda et al., 2002; Müssig et al., 2002; Vert et al.,
2005), these focused primarily on the early responses of BR under normal
growing conditions. Consistent with the known functions of BR in plant growth
and development, genes related to cell wall and cytoskeleton formation, and
phytohormones biosynthesis and signaling, were identified as BR-regulated. To
identify genomic BR responses that enhance plant stress tolerance, I participated
in an investigation of global gene expression changes in 24-epibrassinolide
(EBR)-treated A. thaliana seedlings before, during and after HS treatment, as
compared to untreated seedlings. Functional classification of the differentially
expressed genes revealed that the second largest category of genes upregulated by BR consists of abiotic and biotic stress-related genes, many of
which are known ABA and JA-responsive genes. Hormone profiling of EBRtreated and untreated seedlings revealed that exogenous EBR leads to increased
endogenous levels of both ABA and JA. Using knockout (KO) mutant lines of a
subset of newly identified BR-regulated genes, I uncovered putative stressrelated functions of these genes in A. thaliana. These results substantially add to
our understanding of how BR modulates multiple cellular programs to confer
stress tolerance in plants.

3.2 MATERIALS AND METHODS

3.2.1 Plant growth and stress treatment for microarray analysis
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All plant materials used in this study were from A. thaliana ecotype Columbia
(Col-0). Growth conditions and HS treatment were according to Kagale et al.
(2007). Seedlings were grown for 21 days on a nutrient medium supplemented
with either 1 µM EBR or 0.01% ethanol (solvent for EBR). HS was given to 21day-old seedlings by exposing seedlings to 430C for 1 h and 3 h. For recovery,
seedlings exposed to 430C for 3 h were allowed to recover at 220C for a period of
6 h. Plant tissue above the medium was collected from unstressed (0 h), heat
stressed (1 h and 3 h) and recovering (6 hR) seedlings and quick-frozen. To
minimize the effect of variation among seedlings, plant material from at least 30
seedlings was pooled for each treatment.

3.2.2 RNA isolation and microarray hybridization

RNA isolation was carried out by S. Kagale (Kagale, 2007). In brief, RNA was
isolated from frozen tissue of three independent biological replicates using
RNeasy Plant Mini Kit, and assessed by Agilent 2100 Bioanalyzer. Probe
preparation and microarray hybridization were done by the London Regional
Genomics Facility (LRGC) according to Affymetrix GeneChip Techincal Analysis
Manual (Affymetrix, Santa Clara, CA, USA). Biotin-labeled complimentary RNA
(cRNA) was hybridized to A. thaliana ATH1 GeneChips for 16 h at 450C.
GeneChips were stained sequentially with streptavidin-phycoerythrin, antistreptavidin antibody, and a second streptavidin-phycoerythrin solution and
washed using GeneChip Fluidics Station 450. GeneChips were scanned with the
Affymetrix GeneChip Scanner 3000.

3.2.3 Microarray data analysis

Microarray data analysis was carried out by UK Divi (Divi, 2009). In brief,
normalization and expression analysis were performed using GeneSpring GX 10
(Agilent Technologies Inc., Palo Alto, CA, USA). Expression estimates for each
gene were generated using gcRMA (Wu et al., 2004). Signal intensities were
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normalized to the baseline median across all chips and the log10 normalized
signals were subjected to two-way analysis of variance (ANOVA). A P-value
threshold of 0.05 was selected. The Benjamini and Hochberg false discovery rate
(FDR) multiple testing correction (Benjamini and Hochberg, 1995) was applied to
minimize the detection of false positives. All genes that changed ≥ 2-fold in
expression between treatments were considered as differentially expressed.
Differentially expressed genes by EBR, HS and EBR+HS were subjected to
hierarchical clustering in GeneSpring GX 10. For each cluster, gene ontology
(GO) terms and promoter motif analyses were performed using Athena data
analysis

suite

(http://www.bioinformatics2.wsu.edu/cgi-

bin/Athena/cgi/analysis_select.pl). Genes overlapping between treatments and
genes unique to treatments were identified by Venn diagram analysis in
GeneSpring GX 10.

3.2.4 RNA isolation and quantitative real-time reverse transcription PCR
(RT-QPCR)
To validate the microarray data, the relative expression levels of 10 selected
genes were measured by RT-QPCR, using two batches of RNA used in the
microarray experiment and two additional batches of RNA from separate
experiments. For the two new sets, RNA was extracted from frozen plant tissue
using the SV Total RNA Isolation System (Promega, Madison, WI). Total RNA (3
µg) was reverse transcribed using the oligo (dT)18 primer and Super Script First
Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA). PCR reactions
were performed using SYBR-Green I (Invitrogen, Carlsbad, CA) at 0.1 x
concentration, and Rotor Gene-3000 (Corbett Research, Sydney, Australia)
instrument to monitor cDNA amplification. Reactions were performed in duplicate
for each biological replicate with an initial denaturation step at 940C for 4 min
followed by various cycles of denaturation (15 s at 940C), annealing (30 s at
560C) and extension (30 s at 720C and 15 s at 830C). Primers were designed for
the 10 selected genes based on sequences available in GenBank, using the
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GenScript primer design tool (https://www.genscript.com/ssl-bin/app/primer)
(Appendix 3.1). The expression level of each gene was normalized to either
ACTIN or UBIQUITIN10 (UBQ10).

3.2.5 In silico analysis of candidate genes

Public resources like National Center for Biotechnology Information (NCBI) and
the A. thaliana Information Resource (TAIR) were used to mine information on
interesting

genes.

The

NCBI

conserved

domain

database

(http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml) was used to predict the
putative domains, and the MyDomains-Image Creater tool of PROSITE
(http://ca.expasy.org/cgi-bin/prosite/mydomains/) was used for creation of domain
features.

The

abiotic

stress-responsive

and

hormone-responsive

gene

expression profiles were generated using AtGenExpress Visulaization Tool (AVT)
(http://jsp.weigelworld.org/expviz/expviz.jsp).
3.2.6 Sequence analysis and Phylogenetic tree construction

Full-length amino acid sequences of select genes were obtained from the NCBI
GenBank database and similarity searches at the amino acid level were carried
out using BLAST at the NCBI GenBank database. Multiple sequence alignments
were created by DNAMAN version 4.15. Phylogenetic trees were constructed by
using the Neighbor-joining method based on the genetic distance of protein
sequences by the Clustal X version 2.0.11.

3.2.7 Screening of homozygous T-DNA insertion lines

For the selected genes, A. thaliana Integrated Database (ATIDB; http://atidb.org/)
and the SIGnal database (http://signal.salk.edu) were searched for available TDNA insertion lines. Mutant lines most likely to cause loss of gene function were
obtained from the Arabidopsis Biological Resource Centre (ABRC; Alonso et al.,
2003). DNA from young leaves was extracted using the CTAB method (Doyle
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and Doyle, 1990). Homozygous T-DNA insertion plants were identified by PCR
using a T-DNA left border-specific primer LBb1.3 and two gene-specific T-DNA
flanking primers (LP and RP), generated by SIGnal T-DNA primer design tool
(http://signal.salk.edu/tdnaprimers.html;
0

Appendix
0

3.2).

The

amplification

0

conditions were: 94 C for 5 min; 35 cycles of 94 C for 1 min, 55 C for 45 sec and
720C for 1 min; final extension at 720C for 5 min. Transcript expression in WT and
KO mutant lines was determined by RT-PCR using gene specific primers
(Appendix 3.3). The amplification conditions were as follows: 940C for 5 min; 30
cycles of 940C for 1 min, 550C for 45 sec and 720C for 1 min; final extension at
720C for 5 min. ACTIN transcript levels were used as an internal control.

3.2.8 Plant material and growth conditions for phenotypic analysis of the
mutants

The nfya5 (SALK_006559), hat1 (SALK_059835) jac-lec1 (SALK_125269), jaclec2 (SALK_076651) and jac-lec3 (SALK_114673) were obtained from ABRC. All
mutants were in the Col-0 background; WT (Col-0) was therefore used as control
in all experiments. Seeds were surface sterilized in 75% ethanol for 30 sec
followed by 20% bleach for 15 min and plated on 1X Murashige and Skoog (MS)
medium (Sigma, St. Louis) supplemented with B5 vitamins, 1% (w/v) agar and
0.5% sucrose. Following stratification for 3 days at 40C, seedlings were grown at
220C under a 16/8 h photoperiod (80 µE m-2 s-1).

3.2.9 ABA treatment

Seeds of KO mutants and WT were surface sterilized and stratified for 3 days as
described above, and allowed to grow in petridishes on 1X MS medium
supplemented with either 1 µM ABA or 0.004% ethanol (solvent for ABA) at 220C
under a 16/8 h photoperiod (80 µE m-2 s-1). The numbers of seedlings with clear
green cotyledons after 5 days of growth at 220C were scored from three biological
replications.
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3.2.10 Heat stress treatment

Seeds of KO mutants and WT were surface sterilized and stratified for 3 days as
described above, and allowed to grow in petridishes on 1X MS medium at 220C
under a 16/8 h photoperiod (80 µE m-2 s-1). After 5 days of growth at 220C,
seedlings were subjected to HS by exposing them to 440C for 90 min and
returning to 220C for recovery. The numbers of seedlings surviving after 7 days of
recovery were scored. Seedlings that showed bleaching were considered dead
and those with green leaves were considered surviving. A set of unstressed
control seedlings was maintained at 220C for 12 days.

3.2.11 Salt stress treatments

Seeds of KO mutants and WT were surface sterilized and stratified for 3 days as
described above, and allowed to grow in petridishes on 1X MS medium with 150
mM NaCl or without NaCl at 220C under a 16/8 h photoperiod (80 µE m-2 s-1). The
numbers of seedlings showing true leaves and green color at 15 days after
imbibition were scored.

Salt tolerance assay on soil with adult plants was performed according to
Magnan et al. (2008). Plants were grown on soil pots (same amount of soil/pot)
for three weeks inside a growth chamber (220C, 16/8 h photoperiod, 80 µE m-2 s-1
of light), and then irrigated with either water (control) or 150 mM of NaCl solution
every 3 days. The experiment was continued for 4 weeks and symptoms of salt
stress were monitored. The survival percentages were determined after 4 weeks.
Plants with intact green leaves in the middle of the rosette after 4 weeks of
treatment were considered as surviving, whereas those exhibiting ‘complete
senescence’ were considered as dead. Experiments were repeated three times.

3.2.12 Expression construct for overexpression in A. thaliana
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Gateway cloning technology was used to prepare the DNA construct for
overexpression of NFYA5. A gateway-compatible entry clone containing NFYA5
cDNA with full-length open reading frame was obtained from ABRC (stock #
U15500). The NFYA5 cDNA was transferred to pEarlyGate 100 (Earley et al.,
2006) by in vitro LR recombination reaction (Invitrogen, CA, USA) to generate the
destination vector. After PCR confirmation and sequence verification, the
destination vector was transformed into Agrobacterium tumefaciens (strain:
GV3101)

electro-competent

cells

by

electroporation.

A.

thaliana

were

transformed by the floral-dip method (Zhang et al., 2006). Seeds collected from
the transformed plants (T0) were allowed to germinate on soil and the primary
transformants (T1) were selected by spraying 0.001% (v/v) Basta herbicide on 3day-old seedlings grown on soil. Homozygous lines were obtained by screening
T2 generation seedlings for 100% resistance against Basta. Homozygous lines
were grown for one more generation and seeds of the T3 generation were
collected. Transgenic vector control (VC) lines were generated by the same
procedure using the empty pEarlyGate 100 vector.

3.2.13 Analysis of hormones and hormone-related metabolites

Seedlings were grown for 21 days on a nutrient medium supplemented with
either 1 µM EBR or 0.01% ethanol. Tissue material above the medium was
collected in liquid nitrogen and stored at -800C. For analysis of ABA and ABA
metabolites, cytokinins, auxins and gibberellins, tissue material was lyophilized
using a freeze dryer. Freeze-dried (50 mg for analysis of ABA and other
hormones) and frozen (500 mg for analysis of SA and JA) tissue samples were
sent to the hormone profiling facility at the Plant Biotechnology Institute, National
Research

Council,

Saskatoon;

http://www.pbi.nrc.ca/ENGLISH/technology-

platforms/plant-hormone-profiling.htm).
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3.3 RESULTS

3.3.1 Identification of genes significantly changed in response to EBR, HS
and EBR+HS

Since

treatment

of

A.

thaliana

seedlings

with

EBR

increases

basal

thermotolerance of seedlings in a consistent and reproducible manner (Kagale et
al., 2007; Divi et al., 2010), we undertook to assess the effects of EBR on global
gene expression under no-stress and HS conditions. Gene expression profiles
were generated from EBR-treated (E) and untreated (C) A. thaliana seedlings
under no-stress (0 h), HS (1 h and 3 h) and recovery from HS (6 hR) conditions
(Figure 3.1). We rationalized that samples representing no-stress, an early time
point in stress (1 h) and a late time point in stress (3 h), as well as recovery from
stress, would capture the full spectrum of changes underlying BR-mediated
increase in thermotolerance. Samples from three biological replicates were
hybridized to ATH1 Affymetrix genome arrays, and the raw datasets were
normalized and analyzed to draw up a list of genes that were significantly
changed in expression (Kagale, 2007; Divi, 2009).

A total of 1823 genes were significantly (p-values less than 0.05) induced or
repressed under the various conditions described above. The expression levels
of 273, 239, 256 and 146 genes were changed by ≥ 2-fold by EBR at 0 h, 1 h, 3 h
and 6 hR, respectively, whereas the expression levels of 225, 230 and 277 genes
were changed ≥ 2-fold by HS at 1 h, 3 h and 6 hR, respectively. Due to a large
amount of data generated in the experiment, we decided to focus only on genes
regulated by EBR, HS, and EBR+HS; data related to 6 hR was not analysed any
further.
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Figure 3.1 Microarray experiment.

The experimental conditions employed in the microarray screening. Seedlings
were allowed to germinate and grow for 21 days on medium in the presence or
absence of 1 µM EBR. Seedlings were then treated with either no-stress (0 h), or
heat-stress (HS) at 430C for 1 h and 3 h. 3 h of HS-treated seedlings were also
transferred to 220C for 6 h to do the analysis for a stress-recovery time point (6
hR).
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3.3.2 Validation of microarray data using RT-QPCR
The reliability of the microarray data was evaluated by RT-QPCR, using four
independently isolated batches of RNA, for 20 genes (10 genes each T. Rahman
and UK. Divi) that were differentially expressed in at least one time point of the
entire experiment. A high degree of correlation (r = 0.92) between the log ratios
from both techniques was observed, indicating good consistency between the
two methods (Figure 3.2).

3.3.3 Hierarchical Clustering and Gene Ontology analysis of genes
significantly changed in response to EBR, HS and EBR+HS

Since microarray data analysis was carried out by Divi (2009), the procedure and
results are described here only in brief. A hierarchical clustering analysis was
done in GeneSpring in which gene expression patterns created by EBR alone
(0E), HS alone (1C and 3C) and EBR+HS (1E and 3E) treatments were
compared to no-EBR and no-stress control (0C). Genes significantly changed [≥
2-fold (p<0.05)] under different conditions as compared to 0C could be broadly
divided into 9 distinct clusters (Appendix 3.4). Genes within Cluster 1 were upregulated by EBR in the absence of stress (0E), but down-regulated by HS (1C
and 3C) and EBR+HS (1E and 3E). Cluster 2 genes were down-regulated under
all conditions (EBR, HS and EBR+HS), with maximal down-regulation under
EBR+HS. Genes within Cluster 3 were specifically up-regulated by HS and downregulated by EBR and EBR+HS. Cluster 4 includes genes marginally downregulated by EBR alone, highly down-regulated by HS, and maximally downregulated by EBR+HS. Cluster 5 genes were up-regulated by conditions in the
following order EBR+HS>EBR>HS. The genes in cluster 6 were down-regulated
by EBR alone, but up-regulated by HS and only partially constrained by EBR+HS.
Genes regulated in opposite directions by EBR and HS were grouped into
clusters 7 and 8. These genes were maximally up-regulated by EBR alone and
down-regulated by HS. EBR+HS slightly up-regulated cluster 7 genes, whereas
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Figure 3.2 Validation of the microarray expression data by quantitative real-time
reverse transcription PCR (RT-QPCR).
The expression of a subset of 10 genes at 0 h, 1 h, 3 h and 6 hR time points was
determined by RT-QPCR (presented by amber bars) and compared to the fold
change values found in the microarray screening (presented by black bar).
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cluster 8 genes were highly up-regulated by EBR and EBR+HS. Cluster 9
consists of a unique set of genes that had very low transcript abundance under
normal conditions. These genes were highly up-regulated by HS, and even more
by EBR+HS. EBR alone had minimal effect on these genes.

Gene Ontology (GO) analysis of genes significantly changed in response to EBR,
HS and EBR+HS showed that GO categories like endomembrane system, cell
wall loosening, sexual reproduction, lipid transport and lipid-binding were overrepresented in cluster 1 (0E); these categories corroborate the previously
identified functions of BR (Vert et al., 2005). Genes in cluster 5 (all treatments)
were enriched in GO categories cytoplasm, calmodulin binding, protein kinase
activity, sucrose biosynthesis, and responses to stress, wounding and
desiccation,

and

hypersensitive

response.

Endomembrane

system,

JA

biosynthesis and cell wall categories were over-represented in cluster 7 (0E,
HS). Clusters 8 (0E, 1&3E, HS) and 9 (HS, 1&3E) had over-representation
of response to stress and ABA, as well as lipid transporter activity. The overall
picture that emerged from this analysis is that BR is an effective modulator of
stress responses, which share considerable overlap with ABA responses
(clusters 8 and 9).

Promoter analysis using promoter visualization tool in Athena database showed
stress-responsive and ABA-responsive cis-elements in BR-regulated gene sets
(Appendix 3.5). Cluster 7 ((0E, HS) was enriched in motifs AtMYB2 BS in
RD22,

AtMYC2

BS

in

RD22,

MYCATERD1,

W-box,

ATHB2,

and

ACGTABREMOTIFA2OSEM, most of which are known to mediate gene
regulation in response to stress. Clusters 8 (0E, 1&3E, HS) and 9 (HS, 1&3E)
were enriched in DREB1A/CBF3 (dehydration-responsive element/C-repeat
binding factor), LTRE (low temperature response element) and ABRE (ABAresponsive element)-like motifs, all of which are involved in the expression of
stress-regulated genes. The ABRE, AtMYB2 BS in RD22 and AtMYC2 BS in
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RD22 motifs are known to mediate ABA-induced gene expression in A. thaliana
(Abe et al., 2003). These results further highlight the predominance of ABA- and
stress-regulated genes within gene sets that were up-regulated by BR and
BR+HS. Based on these results, it can be extrapolated that BR regulates stress
responses, at least in part, through interaction with ABA pathways.
Interestingly, the ABA-responsive element ATMYB2 BS in RD22 was found
overrepresented, among others, in the cytochrome P450 monooxygenases
(P450s) involved in BR synthesis, but in the two BR degradation P450s (SOB7
and BAS1) ATMYB2 BS in RD22 was the only overrepresented element (Pan et
al., 2009). Thus, the BR-ABA partnership likely involves not just overlapping gene
expression, but also control of hormone homeostasis.

3.3.4 Identification of ‘BR response genes’

The results described under hierarchical cluster analysis (section 3.3.3) were
derived from comparisons of EBR, HS and EBR+HS with the untreated and nostress control (0C). To focus solely on BR effects, genes with ≥ 2-fold change by
EBR under no-stress (0E vs. 0C; 273 genes), 1 h HS (1E vs. 1C; 239 genes) and
3 h HS (3E vs. 3C; 256 genes) conditions were identified by applying 2-way
ANOVA. A total of 397 genes were identified as ‘BR response genes’; this set of
genes is expected to consist of both primary and secondary BR response genes.
Genes common to all three time points (0, 1 and 3 h) consist of 117 that were upregulated and 23 that were down-regulated. Others were changed at either one
or two time points (data not shown). GO analysis of all ‘BR-response genes’
revealed that a significant portion of the genes are of unknown cellular function. A
total of 97 genes (23%) were associated with the GO term ‘response to stress'
(Appendix 3.6).

The MapMan pathway annotator assigned ‘BR response genes’ to 9 functional
bins (Appendix 3.7) and the `regulation overview` pathway analysis revealed their
involvement in diverse processes like signaling, redox regulation, protein
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metabolism and hormone metabolism. Since the present thesis converges on BR
interaction with other phytohormones (CHAPTER 1 and 2) and on functional
analysis of BR-regulated putative calcium signaling genes (CHAPTER 3 and 4),
genes related to only these areas are discussed hereafter.

Phytohormones

Several genes involved in hormone responses were significantly changed in their
expression by EBR treatment (Appendix 3.8), including the cytochrome p450
BAS1 that serves as a BR inactivation gene (Neff et al., 1999). Of the four ABArelated genes, expression of KIN1 (At5g15960), GEM (At2g22475), and
AT5G38760 was up-regulated, while that of At5g23370 was down-regulated.
KIN1 is a well-established ABA-, cold-, dehydration- and mannitol- responsive
gene (Wang et al., 1995), while GEM is involved in the spatial control of cell
division, patterning and differentiation of root epidermal cells (Caro et al.,
2007a,b). The functions of the other two ABA-related genes (At5g38760 and
At5g23370) are unknown.

Two JA biosynthesis genes LOX2 and OPR3, and 2 auxin-related genes NIT2
and At4g36110 were up-regulated, while one auxin-responsive gene (At3g25290)
was down-regulated. NIT2 encodes a nitrilase, which catalyzes the hydrolysis of
indole-3-acetonitrile (IAN) to indole-3-acetic acid (IAA) (Bartel and Fink, 1994).
An

ethylene

response

factor

AtERF15,

SA-related

methyl

transferase

(At3g44870) and transcription factor WRKY70 were up-regulated by BR. It is to
be noted that the expression of WRKY70, a central regulator of SA and JA/ET
pathways (Li et al., 2004), could be induced by short-term (7 h) BR treatment not
only in WT but also in SA mutants (Divi et al., 2010). Thus, WRKY70 appears to
be a primary response gene of BR. Some cytokinin- and gibberellic acid (GA)related transcripts were also regulated by EBR; for example, UGT76C2, a
cytokinin-N-glucosyltransferase gene, was down-regulated, while a GA-related
gene (At2g14900) was up-regulated by EBR. Thus, it would appear that BR
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interacts with most other hormones in mediating both developmental and stress
responses.

Calcium signaling

Calcium is important in the activation of biotic and abiotic stress-related signaling
cascades (Kiegle et al., 2000). Six genes related to calcium signaling were
induced by EBR; these include CML10 (At2g41090) encoding a calmodulin
(CAM)-like (CML) Ca2+-binding protein, RD20, and four CAM-binding proteins:
EDA39 (AT4G33050, embryo sac development arrest 39), SARD1 (systemic
acquired resistance deficient 1), At4g25800 (CBP60d) and At5g57580 (CBP60b)
(Appendix 3.9). RD20 is a drought, ABA, salt, and pathogen-induced gene that
encodes a Ca2+-binding protein belonging to the caleosin family (Takahashi,
2000). Its promoter region contains ABRE-like sequences (Aubert et al., 2011),
indicating again the ABA signature in the so-called ‘BR response genes’. Of the
four CAM-binding proteins (CaMBPs), SARD1, CBP60b and CBP60d belong to
the same CBP60 (calmodulin-binding protein 60) family (Wang et al., 2011).
Preliminary functional analysis of CML10 and SARD1 are described in chapters 4
and 5 of this thesis.

3.3.5 In silico gene expression analysis of ‘BR response genes’

A collaborative microarray project has generated large-scale genome-wide
expression profiling data in response to various environmental stresses
(AtGenExpress;
http://www.arabidopsis.org/portals/expression/microarray/ATGenExpress.jsp).
Web interactive visualization of this data is made possible through AtGenExpress
Visualization Tool (AVT; http://jsp.weigelworld.org/expviz/expviz.jsp). Earlier, GO
analysis had revealed that a high proportion of ‘BR response genes’ genes are
stress-related. We therefore analyzed by AVT the subset of genes pinpointed by
MapMan annotator as stress-related (Appendix 3.10). Several of the genes were
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found to be responsive to drought, salt, osmotic, wounding, and UV stresses
(Appendix 3.11A). This information reinforced the role of BR in directly or
indirectly controlling the expression of a wide range of stress-regulated genes.
‘BR response genes’ were also analyzed for response to different plant hormones
using AVT (Appendix 3.11B). The results revealed that there is predominant
regulation by ABA, followed by JA, in terms of gene numbers and magnitude of
gene expression changes. This implies that either BR and ABA or JA have
overlapping sets of target genes or that BR-mediated increases in ABA and JA
levels activate expression of the genes.

3.3.6 Effects of EBR on endogenous levels of other hormones and their
metabolites
To see if BR interacts with other phytohormones by influencing their endogenous
levels, the concentrations of ABA and ABA metabolites, cytokinins, auxins, GA,
JA and SA were determined in the shoots of 21-day-old A. thaliana seedlings
grown in the presence or absence of 1 μM EBR. The endogenous levels of GA
and cytokinins were unaffected by EBR treatment (data not shown). With respect
to auxin, there was no significant change in the level of bioactive IAA (indole-3acetic acid), but the levels of auxin metabolites, IAA-Asp (aspartic acidconjugated IAA) and IAA-Glu (glutamic acid-conjugated IAA), were decreased in
EBR-treated tissue (Figure 3.3A). Significant changes were noted for JA, ABA
and ABA metabolite levels. The concentration of JA was 3X higher in EBRtreated seedlings than untreated seedlings, consistent with BR-induced
expression of JA biosynthetic genes (Figure 3.3B). Similarly, the concentrations
of bioactive-ABA, ABAGE (ABA glucose ester) and DPA (dihydrophaseic acid)
were 1.69, 2.09 and 1.89 times higher in EBR-treated seedlings than untreated
seedlings (Figure 3.3A). The slight increase in SA levels was statistically
insignificant (Figure 3.3B). It can be extrapolated from these results that a large
number of ABA and JA-related genes identified in the microarray analysis must
result from greater accumulation of ABA and JA in EBR-treated seedlings.
Regulation of some of these genes directly by BR is also a possibility.
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Figure 3.3 Endogenous hormone-profile in 21-day-old WT seedlings grown in the
presence (E) or absence (C) of 1 µM EBR.

A) Contents of ABA and ABA metabolites, and auxins in lyophilized tissues. B)
Contents of SA and JA in fresh tissues. Vertical bars represent the standard error
(SE) of the mean for four replicates (in case of ABA and ABA metabolites), or two
replicates (in case of cytokinins, auxins, SA and JA). Asterisks above the
histograms are indicating the significance of differences between control and
EBR-treated seedlings as analyzed by a Student’s t-test (***p <0.01; **p <0.05; *p
<0.1).
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3.3.7 Preliminary functional analysis of a subset of candidate genes chosen
from the microarray data

A large number of ‘BR response genes’ uncovered in our microarray study have
unknown biological functions. GO analysis, as well as in silico analysis of public
databases for gene expression indicated that several of these genes may have
stress-related functions. I chose five such genes, two encoding transcription
factors HAT1 (At4g17460) and NFYA5 (At1g54160) (Ciarbelli et al., 2008; Li et
al., 2008), and three encoding jacalin-related lectin (JAC-LEC) domain containing
proteins JAC-LEC1 (At1g52000), JAC-LEC2 (At1g52040), and JAC-LEC3
(At2g39330), for preliminary analysis of their stress-related functions. The
expression profiles of these genes in the microarray experiment are shown in
Figure 3.4A. All five genes were upregulated by EBR in the absence of stress,
albeit to different levels. With the exception of JAC-LEC3, the other genes were
down-regulated by HS, although JAC-LEC2 expression was less affected by HS
as compared to the other three genes (Figure 3.4A). The rationale for choosing
these genes was to have a representation of both regulatory and structural
categories within ‘BR response genes’ for preliminary functional analysis.

3.3.8 Protein domain analysis
To get an initial idea about the structure–function relationships, the predicted
amino acid sequences of these genes were analyzed using the NCBI conserved
domain database. The protein structure maps (Figure 3.4B) were generated
using the PROSITE-MyDomains-Image Creater tool (http://ca.expasy.org/cgibin/prosite/mydomains/). HAT1 is a member of homeodomain-leucine zipper II
type proteins (Ciarbelli et al., 2008) and contains a HD-ZIP2 type DNA-binding
domain (Figure 3.4B). NFYA5 is an integral part of the heterotrimeric nuclear
factor NF-Y, which binds to the ‘CCAAT’ box promoter motif of the target gene
and contains a DNA-binding NF-YA domain (Li et al., 2008). The JAC-LECS are
believed to form the myrosinase complex involved in glucosinolate catabolism in
A. thaliana (Capella et al., 2001; Devoto et al., 2005; Sasaki-Sekimoto et al.,

84

Figure 3.4 Preliminary functions of candidate genes.

A) Fold change values of the selected genes by EBR in the microarray data.

B) Schematic structures of the proteins for selected genes showing the putative
functional domains deduced from the amino acid sequences. The conserved
domain database of NCBI (National Center for Biotechnology Information) used
to analyze the protein sequence, and the schematic structures were created
using image creation tool of PROSITE (http://www.expasy.ch/tools/mydomains).
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2005, Kusnierczyk et al., 2007). Each of the JAC-LECs has three jacalin-related
lectin domains (Figure 3.4B). Pairwise sequence alignment showed that JACLEC2 was more similar to JAC-LEC3 than JAC-LEC1 with a sequence identity of
45.6%, while JAC-LEC1 had 27.2% and 20% sequence identity with JAC-LEC2
and 3, respectively.
3.3.9 In silico gene expression analysis in response to hormones and
abiotic stress
To help formulate functional hypotheses for the selected genes in the context of
BR-mediated stress tolerance, I first performed e-Northern analysis with AVT
using the AtGenExpress hormone and stress series data sets (Figure 3.5A, B).
None of the genes showed up or down regulation by the biologically most active
BR, brassinolide (BL), within 3 h of treatment. NFYA5 was up-regulated in
response to ABA at 3 h, while HAT1 was up-regulated (~5X) by auxin (IAA) within
0.5 h. All three JAC-LEC genes were highly responsive to JA with 30 to 60-fold
increase in expression at 3 h time point.

AVT analysis of the abiotic stress series data set indicated that osmotic and salt
stress were prominent stimuli for induction of NFYA5, while drought and
wounding were prominent signals for induction of the three JAC-LEC genes
(Figure 3.5B). JAC-LEC1 and JAC-LEC2 were also induced by salt. HAT1 was
induced maximally by cold at 1 h, followed by heat. These data point to possible
functions of these genes in stress responses.
3.3.10 RT-PCR analysis of candidate genes in response to EBR treatment
It has been demonstrated before that BR effects on gene expression are
relatively slow and can take as long as 18-48 h even in short-term treatments
(Zurek et al., 1994; Dhaubhadel and Krishna, 2008). To resolve the discrepancy
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Figure 3.5 Expression profiles of candidate genes in response to hormones and
abiotic stress.
A) Hormone responsive expressions of the selected genes from the publicly
available microarray data. The mean-normalized expression values for the
selected genes in response to different phytohormones at 0.5 h, 1 h and 3 h time
points were generated by AVT.
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Figure 3.5 Expression profiles of candidate genes in response to hormones and
abiotic stress (contd.).
B) Abiotic stress-responsive expression profiles of the selected genes. The
mean-normalized expression fold changes values of the genes in response to
different abiotic stresses were generated by AVT.
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between our microarray results (long-term treatment with EBR), where all five
candidate genes were up-regulated by EBR, and the AtGenExpress data (shortterm treatment with hormones) analysis results where the candidate genes
showed no responsiveness to BL but were impacted by ABA, IAA and JA, we
tested the expression of candidate genes by RT-PCR in leaf tissue of A. thaliana
seedlings in response to 12 h EBR treatment (Figure 3.5C). None of the five
genes showed up-regulation by 12 h treatment with EBR . Although a more
detailed time-course experiment needs to be conducted, the results of Figures
3.4 and 3.5 suggest the likelihood that BR effects on the expression of these
genes are secondary, possibly resulting from the increase in ABA and JA levels
in response to BR.
3.3.11 Functional analysis of T-DNA mutant lines of the candidate genes
For preliminary functional analysis of the candidate genes, T-DNA insertion lines
were obtained from ABRC. Homozygous lines were derived by selfing and were
confirmed

by

PCR-based

genotyping

as

instructed

in

http://signal.salk.edu/tdnaprimers.html. Genomic PCR using a T-DNA specific
primer (LBb1) and gene specific primers (LP and RP) confirmed the presence of
the insert and absence of gene-specific bands in all mutant lines (Figure 3.6A),
indicating homozygous insertion. RT-PCR analysis confirmed that transcript
expression from these genes was abolished in homozygous lines (Figure 3.6B).
The confirmed homozygous lines were used in stress treatments.
3.3.12 ABA inhibition of germination
The mutant and WT seeds were germinated and grown on MS medium in the
absence and presence of 1 μM ABA. Percent germination as indicated by
cotyledon opening and greening was determined 5 days after stratification. All
seeds of WT and mutant lines germinated after five days in control plates in the
absence of ABA. However, all the mutant seeds, in general, germinated better
than WT in the presence of ABA (Figure 3.7A, B). Germination efficiency of the
genotypes in decreasing order was nfya5 (81.3%) > hat1 (73.2%) > jac-lec3
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Figure 3.5 Expression profiles of candidate genes in response to hormones and
abiotic stress (contd.).
C) RT-PCR analysis of selected genes under short-term EBR treatment. 21-dayold A. thaliana seedlings were subjected to EBR treatment for 12 h. Transcript
levels of NFYA5, HAT1, JAC-LEC1, JAC-LEC2 and JAC-LEC3 were analyzed in
EBR treated (E) and untreated (C) seedlings by RT-PCR.
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Figure 3.6 Genotyping of the T-DNA-inserted knock-out (KO) mutants for
selected genes.

A) (Left panel) Genomic PCR analysis using the combination of T-DNA and
corresponding gene-specific primers confirmed the presence of T-DNA insert in
the mutants. (Right panel) PCR analysis using gene specific primers flanking the
T-DNA displayed the absence of the gene-specific amplicons of the
corresponding genes in the mutant lines, confirming the homozygosity of the
mutants for the T-DNA insertion.
B) The RT-PCR analysis revealed the absence of the gene expression in the
corresponding mutant lines.
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Figure 3.7 KO mutants of the selected genes were insensitive to ABA-mediated
inhibition of germination as compared to WT.

A) Phenotypes of the WT and mutant seedlings germinated and grown on
nutrient medium for six days in the absence (control) or presence of 1 µM ABA.

B) Proportion of WT and mutant seedlings with green cotyledons after 5 days of
growth on ABA plates. Data shown are averages of three replicates. Number of
seedlings scored (n) were >25. Error bars represent SE of mean for three
replicates.
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(68%) > jac-lec1 (46.3%) > jac-lec2 (34.65%) > WT (17.6%) suggesting all the
selected genes had role in ABA responses in A. thaliana (Figure 3.7B).
3.3.13 Heat stress (HS) phenotypes of T-DNA mutants
Although none of the genes were dramatically affected in their expression by HS
in the data of e-northern (Figure 3.5B), due to established conditions and high
reproducibility of results in the HS assay, the basal thermotolerance of mutant
and WT seedlings was assessed by exposing 5-day-old seedlings to 440C for 90
min and allowing them to recover at 220C for 7 days. Interestingly, all three jaclec mutants, jac-lec1, jac-lec2, jac-lec3, were found more susceptible to HS than
WT, having survival rates of 26%, 35% and 45%, respectively, as compared to
77% of WT (Figure 3.8A, B). The nfya5 seedlings had the highest survival at 96%
(Figure 3.8B). There was no significant change in the survival rate of hat1
seedlings as compared to WT (data not shown).

3.3.14 Salt stress phenotypes of the mutants

High salt inhibits seed germination and normal seedling growth (Zhu et al., 2005).
The mutant and WT seeds were germinated and grown on MS medium
containing either no salt or 150 mM NaCl. While all genotypes germinated equally
in the presence of salt, only 26% and 19% of the germinated seedlings of hat1
and jac-lec2, respectively, survived after 15 days of growth on the medium, as
compared to 51% survival of WT seedlings (Figure 3.9B). Percent survival of
nfya5, jac-lec1 and jac-lec3 was similar to WT.
The consistent resistant phenotype of nfya5 mutant to both HS and salt stress
was puzzling in view of the fact that NFYA5 is strongly upregulated in response to
osmotic and salt stress (Figure 3.5B). To resolve this dilemma, the nfya5 mutant
seedlings were subjected to salt stress in soil. WT and nfya5 seedlings were
grown on soil-pots (containing equal amount of soil) for three weeks inside a
growth chamber and then irrigated with either water (as control/mock treatment)
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Figure 3.8 Phenotypes of the KO mutants of selected genes in response to HS
treatment.
A) WT and mutant seedlings were grown at 220C on a nutrient medium for five
days and then subjected to HS at 450C for 90 minutes. Photographs of the
seedlings were taken after 7 days of recovery at 220C.
B) Proportion of WT and mutant seedlings surviving 7 days after the lethal HS
treatment. Data shown are averages of three replicates. Number of seedlings
scored (n) was >30. Error bars represent SE of mean for three replicates.
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Figure 3.9 Phenotypes of KO mutants of the selected genes in response to saltstress.
A) WT and mutant seedlings were grown at 220C for 15 days on a nutrient
medium in the absence (control) or presence of 150 mM NaCl.
B) Proportion of seedlings surviving on 150 mM NaCl after two weeks. Data
shown are averages of three replicates. Number of seedlings scored (n) was >30.
Error bars represent SE of mean for three replicates.
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or 150 mM NaCl solution every 3 days. The experiment was continued for 4
weeks and the phenotypes of the plants were monitored daily. As would be
expected, the nfya5 seedlings showed salt-induced damage earlier and to a
greater extent than WT seedlings (Figure 3.9C). This experiment was repeated,
together with transgenic lines overexpressing NFYA5 and this time the
experiment was continued for five weeks. One of the transgenic lines (named as
NFYA5-III) showed clear resistance against salt-stress as compared to WT and
nfya5 (Figure 3.9D). The survival percentage for NFYA-III was 75% as compared
to 43% survival of WT after five weeks of the salt treatment (Figure 3.9E). The
survival of nfya5 was only 23% after five weeks of salt-treatment. Of the four
transgenic lines tested so far, only NFYA5 III displayed elevated resistance to salt
stress. Salt-stress resistance in NFYA5-VI was increased by only 10% as
compared to WT. RT-QPCR analysis indicated that NFYA5 transcript expression
was 7.5 and 10.5 –fold up in NFYA5-VI and NFYA5-III, respectively (Figure 3.9F).
While my work was in progress, a report demonstrating the involvement of
NFYA5 in drought tolerance appeared in literature (Li et al., 2008). These results
indicate that stress phenotypes in MS medium-grown plants and soil-grown
plants may not always be consistent.
3.4 DISCUSSION

There is little doubt that BR regulates plant responses to stress (Krishna, 2003;
Divi and Krishna, 2009a,b), but only a few data describing molecular changes in
BR-mediated increase of stress tolerance are available. (Dhaubhadel et al., 1999,
2002; Kagale et al., 2007; Dhaubhadel and Krishna, 2008; Divi et al., 2010; Divi
and Krishna, 2010). To obtain a picture of global expression changes associated
with BR-mediated increase in stress tolerance in A. thaliana, leading to the
understanding of the underlying mechanisms, a microarray study was conducted
using Affymetrix ATH1 arrays. Gene expression profiles were generated from
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Figure 3.9 Phenotypes of KO mutants of the selected genes in response to saltstress (contd.).

C) WT and nfya5 were grown for three weeks on soil and subjected to salt stress
(watering every three days with water containing 150 mM NaCl). The
photographs of control (C; mock-treated) and salt-stressed plants were taken 14
days after the start of the treatment.
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Figure 3.9 Phenotypes of KO mutants of the selected genes in response to saltstress (contd.).

D) WT, nfya5 and transgenics lines (NFYA5-VI and NFYA5-III) were grown for
three weeks on soil and subjected to salt stress as described before.

E) Proportion of WT, nfya5 and transgenics lines (NFYA5-VI and NFYA5-III)
surviving for five weeks after the onset of salt treatment. Data shown are
averages of four replicates. Number of seedlings scored per replication (n) ≥5.
Vertical bars represent SE of mean for four replicates. The data were analyzed
by a Student’s t-test and the threshold of significance is indicated above the
histograms. (*P<0.1; **P<0.05).

F) Real-time PCR analysis of NFYA5 transcript levels in WT and overexpressing
lines. The data are expressed relative to WT.
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EBR-treated and untreated A. thaliana seedlings under no-stress (0 h), HS (1 h
and 3 h) and recovery from HS (6 hR) conditions (Figure 3.1). It should be noted
that an effective increase in stress tolerance in response to BR occurs with either
prolonged treatment with BR, genetic modification of BR signaling, or increase in
BR endogenous levels (Dhaubhadel et al., 1999; Kagale et al., 2007; Koh et al.,
2007; Divi and Krishna, 2010). Long-term exposure to BR will no doubt produce
both primary and secondary responses. Bearing this in mind our interest is to
describe the mechanism(s) by which BR promotes stress tolerance as opposed
to identifying only the early response genes of BR. Previous studies have
focused on the primary effects of BR under no stress conditions and defined a set
of genes that conform with BR’s functions in plant growth and development
(Goda et al., 2002, 2004; Müssig et al., 2002; Yin et al., 2002; Nemhauser et al.,
2004; Vert et al., 2005). Predominant categories of BR-response genes
described in the aforementioned studies are related to cell wall biogenesis and
modification, production and secretion of long chain fatty acids, biosynthesis
and/or signaling of phytohormones, cytoskeleton genes, and transcription factors
(Vert et al., 2005).

In our experimental strategy shown in Figure 3.1, we anticipated the differentially
regulated genes to fall into following categories: 1) BR-responsive, 2) HSresponsive and 3) BR+HS-responsive. Two approaches were applied to identify
BR-response genes; in the first approach, gene expression changes in response
to EBR alone (0E), HS alone (1C and 3C) and EBR+HS (1E and 3E) treatments
were compared to no-EBR and no-stress control (0C), and in the second
approach genes were identified by comparing gene expression of EBR-treated
(E) with untreated (C) control at different time points (0 h, 1 h and 3 h), such as
0E vs 0C, 1E vs 1C and 3E vs 3C.

Hierarchical clustering of genes either induced or repressed by EBR, HS and
EBR+HS as compared to no-EBR and no-stress control (0C), followed by GO
and promoter motif analyses, indicated that out of the 9 clusters, genes belonging
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to clusters 5, 7, 8 and 9 were predominantly related with stress responses.
Appendix 3.7 shows the stress-related genes in different clusters along with their
associated functions. Another predominant functional category in different
clusters was of hormone metabolism. For example, cluster 8 genes,
predominantly regulated by EBR, and cluster 9 genes, highly up-regulated by HS
and HS+EBR, are enriched with ABRE-like binding site motif and contain several
ABA-responsive genes with documented roles in stress tolerance, such as KIN1,
RD29A, COR15A, ERD10, COR47 (Kurkela and Franck, 1990; YamaguchiShinozaki and Shinozaki, 1993; Baker et al., 1994; Kiyosue et al., 1994; Welin et
al., 1995). These data point to extensive cross-talk between BR and ABA in
conferring stress tolerance and reinforce the idea that BR augments what is
known in literature as ‘ABA-dependent stress-responsive gene expression’.

Clusters 5 and 7 had genes related to JA metabolism, such as CEJ1, AOC4, and
JR1, LOX2 and OPR3. JA biosynthesis genes LOX2 and OPR3 were identified
as BR response genes in previous studies (Müssig et al., 2002; 2006; Müssig
and Altmann, 2003). The significant increase in endogenous levels of ABA and
ABA metabolites, and JA, in EBR-treated vs. untreated A. thaliana seedlings is a
strong reason to believe that the ABA and JA -related gene expression changes
described above are mediated, respectively, by ABA and JA themselves.
However, the possibility of co-existence of BR and ABA or BR and JA responsive elements in the promoters of these genes also cannot be ruled out.

Additional relationships of BR emerged with genes involved in protein synthesis
and

degradation,

FACTORS)

and

and

with

auxin-regulated

cytokinin-regulated

ARRs

ARFs (AUXIN

RESPONSE

(ARABIDOPSIS

RESPONSE

REGULATORS). Although these are not detailed here, it is worthy to mention that
down-regulation of ARFs and ARRs by BR is an observation common to both the
present and previous BR response studies (Vert et al., 2005).
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‘BR response genes’ identified by the second approach revealed that majority of
the differentially regulated genes were responsive to BR under all three
conditions (0E, 1E, 3E), but some were unique to any one time point or common
between two time points (Appendix 3.6). Based on GO analysis, BR had
prominent effects on genes related to stress and transport; more genes were
induced than repressed by BR in these categories. Known stress-related genes
identified were RD20, glutaredoxins (GRXs), KIN1, HSF4, ATHSFA4A, ERD10,
ATOSM34, COR15A, PR4, RPS2, TIR-NBS-LRRs, WRKY33, and WRKY70.
Other categories were cell organization/biogenesis, development, transcription,
protein metabolism and signal transduction. The electron transport/energy and
DNA or RNA metabolism pathways were repressed, as would be expected under
HS conditions.

In addition to noting the known stress-related genes within ‘BR response genes’,
the uncharacterized genes within this dataset were analyzed for stress and
hormone response profiles by AVT (Appendix 3.11A,B). Interestingly, most ‘BR
response genes’ were found regulated by several abiotic stresses like drought,
salt and osmotic stress, with little or no effect by HS. Since cold, salt and osmotic
stresses share core genomic responses (Kilian et al., 2007), it is possible that
these changes also affect thermotolerance. In this regard, BR likely evokes a
general stress response, which empowers seedlings to overcome a broad range
of stresses. As per AVT analysis, majority of ‘BR response genes’ were found
highly responsive to ABA and JA. Thus, a collaborative relationship between BR
and ABA in modulating stress responses has clearly emerged from this study.
Serving as an important second messenger, Ca2+ plays a fundamental role in
plant adaptation to various stress factors (Knight, 2000). Transient increase in
cytosolic Ca2+ by HS was observed in A. thaliana cell cultures and a role for Ca2+
and CaM in the expression of hsps has been proposed (Liu et al., 2007). A total
of five Ca2+ signaling-related genes were identified in this study to be BRresponsive, including the stress-responsive RD20. RD20 is a Ca2+-binding protein
induced by drought, ABA and high salinity (Takahashi et al., 2000). The other
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genes were a CAM-like Ca2+-binding protein (CML10), and three CAM-binding
proteins (EDA39, At4g25800 and At5g57580). Since BR biosynthesis enzymes
DWF1, DWF4 and CPD contain Ca2+/CaM-binding domains, and since Ca2+/CaM
signaling was found to be critical for the function of DWF1 (Du and Poovaiah,
2005), it is plausible that CML10 affects BR homeostasis. This area warrants
further investigation.
For preliminary functional analysis of a subset of genes, JAC-LEC1, 2 and 3 were
deemed interesting due to their considerable high expression (3.7 to 12-fold) in
response to BR. JAC-LECs are a subclass of carbohydrate-binding proteins
called lectins. JAC-LECs are JA-responsive protein components of the
myrosinase complex involved in glucosinolate metabolism and innate immune
response against pathogen attack in Brassicacea (Capella et al., 2001; SasakiSekimoto et al., 2005, Devoto et al., 2005; Kusnierczyk et al., 2007; Nagano et
al., 2008). Not much is known about their involvement in abiotic stress tolerance,
although e-Northern data indicates that in relative terms JAC-LEC1-3 are highly
induced by drought and moderately by wounding (Figure 3.5B). Additionally, a
direct link with stress tolerance comes from the noted upregulation of JAC-LEC1
and JAC-LEC2 in transgenic lines overexpressing XERICO, a RING zinc-finger
protein; these lines accumulated high levels of ABA, had a marked increase in
drought stress tolerance and expressed a BR-biosynthetic gene ROT3 at higher
levels than WT (Ko et al., 2006). In our experiments, KO mutants of all three
genes displayed lower basal thermotolerance than WT (Figure 3.8A, B), and jaclec2 also had lower survival rate than WT under salt stress (Figure 3.9A, B). The
A. thaliana genome has 48 JAC-LEC genes (Nagano et al., 2008); thus, to obtain
a clear-cut phenotype with KO of a single gene (Figure 3.8A, B) is indicative of
partial to no functional redundancy among these gene members. During the
course of this work, JAC-LEC-3 was defined as a ‘polymerizer type lectin’ that
functions to form large protein complexes (Nagano et al., 2008). Whether JACLECs contribute to stress tolerance by regulating protein complex formation
remains to be seen, but the present results provide the first genetic evidence
towards a role of JAC-LECs in heat and salt stress tolerance.
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HAT1 is one of the 10 members of the homeodomain-leucine zipper II (HD-Zip II)
gene- family of transcription factors in A. thaliana (Ciarbelli et al., 2008).
Members of this protein family are involved in various biological processes, such
as regulation of growth under water stress condition (Olsson et al., 2004), lightdependent growth (Ciarbelli et al., 2008), and response to ABA (Johannesson et
al., 2003) and auxin (Sawa et al., 2002). From the phenotypes of transgenic lines
ectopically expressing HAT1 it was inferred that this gene, together with the
closely related HAT2 and ATHB2, negatively regulates cell proliferation during
leaf development under high red / far red light environment (Ciarbelli et al., 2008).
No information is available regarding its role in stress tolerance. In our microarray
experiment, HAT1 was down-regulated by EBR+HS (Figure 3.4A). Contrary to
the expectation that hat1 may show a HS-related phenotype, there appeared to
be no difference between hat1 and WT, although the mutant did produce a more
sensitive phenotype under salt stress (Figure 3.9A, B). One way to interpret this
preliminary data is that HAT1, similar to its role in leaf development, is a
repressor of some stress responses under certain conditions. As seen in the
AtGenExpress data set (Figure 3.5B), HAT1 expression is progressively downregulated in response to salt and osmotic stress in a time-dependent manner.
Does this allow for effective responses to these stresses? A sensitive phenotype
of the hat1 mutant under salt stress does not support this hypothesis, but lack of
an HS-related phenotype and down-regulation of HAT1 by EBR+HS could be
taken to support the hypothesis. How intersection between a role in lightregulated development and in stress responses, if any, modulates the output of
this transcription factor can only be answered by further experiments.

As a heterotrimeric complex composed of NF-YA, NF-YB and NF-YC, the
transcription factor NF-Y functions through binding to the CCAAT box in gene
promoters. The sequence-specific interaction of the trimer is mediated by NF-YA.
The A. thaliana genome encodes 10 NF-YAs, 13 NF-YBs, and 13 NF-YCs
(Gusmaroli et al., 2002). Only limited data is available on the biological roles of
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NF-Y family members, the most important being the involvement of NF-Y in the
control of photoperiod-regulated flowering time (Cai et al., 2007). In the present
study, NFYA5 was chosen for preliminary investigation of stress-related function
due to its 4-fold upregulation by EBR (Figure 3.4A) and its responsiveness to
ABA, salt and osmotic stresses in the AtGenExpress data set (Figure 3.5A, B).
nfya5 seedlings performed slightly better than WT under HS conditions (Figure
3.8A, B), while no significant differences were obtained under salt stress
conditions on MS plates (data now shown). In contrast to these results, nfya5
seedlings grown on soil and watered with 150 mM NaCl showed distinct, though
not dramatic, salt susceptibility (Figure 3.9C, D, E). Furthermore, one of the
transgenic lines overexpressing NFYA5 (NFYA5-III) showed clear resistance to
salt stress (Figure 3.9D, E). During the course of this work, a report on NFYA5’s
involvement in ABA-mediated drought stress tolerance appeared; transgenic A.
thaliana plants overexpressing NFYA5 were more drought resistant, while the KO
lines were drought susceptible (Li et al., 2008).

A few important points to keep in mind when assessing mutant phenotypes in
response to stress are: 1) the likelihood of functional redundancies between
family members may not yield obvious phenotypes; 2) the stress phenotype may
be affected by developmental stage of the plant; and 3) plants grown on MS
medium may behave differently than when grown on soil. Clearly, while more
work is required to better define the relationship of the candidate genes with
stress tolerance, our data has unveiled new stress-related genes. The clear
overlap of BR with ABA and JA-responsive genes points to extensive cross-talk
with these hormones, which is further backed up by increase in levels of these
hormones by exogenous BR. Phenotypes associated with overexpression and
mutant versions of newly identified genes, together with biochemical studies
should provide the anchor points for describing further the mechanistic details of
BR-mediated stress tolerance.
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CHAPTER 4

4.1 INTRODUCTION

The intracellular and intercellular signaling networks that are involved in the
perception of environmental stimuli and its communication to the cellular
machinery are responsible for the various physiological responses in plants.
Some of the main players of the cellular communication network are the
phytohormones auxin, abscisic acid (ABA), gibberellic acid (GA), cytokinin,
ethylene (ET), brassinosteroid (BR), jasmonic acid (JA) and salicylic acid (SA), as
well as small organic or inorganic molecules, such as calcium (Ca2+), cyclic
nucleotides, phospholipids, sugars and amino acids (Xiong et al., 2002; Gibson,
2005; Bouche’ et al., 2005; Bargmann and Munnik, 2006). BRs are
polyhydroxylated plant steroidal compounds that are structurally similar to animal
and insect steroids. The essential role of these compounds in plant growth and
development was demonstrated through the study of BR-deficient and BRinsensitive mutants in Arabidopsis thaliana, Oryza sativa (rice), Lycopersicon
esculentum (tomato) and Pisum sativum (pea) (Müssig, 2005). BRs are involved
in a wide range of physiological processes, including cell division and expansion,
apical dominance, photomorphogenesis, xylem differentiation, seed germination,
flowering, fertility and seed yield (Sasse, 2003), as well as stress responses
(Krishna, 2003; Divi and Krishna, 2009a,b). Due to these roles, BRs offer a
unique opportunity of enhancing crop yields by changing plant architecture and
metabolism, as well as protecting plants from environmental stresses (Divi and
Krishna, 2009a).

BRs are perceived by the plasma membrane-localized leucine-rich repeat (LRR)
receptor-like kinase (RLK) BRI1 (Li and Chory, 1997). BR binding to BRI1 causes
its dissociation from BKI1, and facilitates autophosphorylation as well as
association and transphosphorylation between BRI1 and its co-receptor BAK1
(Nam and Li, 2002; Wang and Chory, 2006). The activated BRI1 phosphorylates
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BSK1, promoting BSK1 binding to the phosphatase BSU1 (Tang et al., 2008; Kim
et al., 2009). Subsequently BSU1 inactivates the GSK3-like kinase BIN2 by
dephosphorylation, thereby leading to the nuclear accumulation of transcription
factors BZR1 and BES1 (Kim et al., 2009). BZR1 and BES1 directly bind to the
promoters of BR-regulated genes to affect their expression.

A BR signaling-mediated transcriptional feedback pathway controls the
expression of BR biosynthetic enzymes such as DWF4, CPD and ROT3 (Tanaka
et al., 2005). Their transcript expression is strongly repressed by exogenous BR
application and significantly upregulated in response to inhibition of BR
biosynthesis (Mathur et al., 1998; Tanaka et al., 2005). Genes that participate in
the control of BR biosynthesis include BZR1 (Wang et al., 2002), which directly
represses DWF4 and CPD transcription (He et al., 2005), BRX (BREVIS RADIX)
that stimulates CPD expression in A. thaliana roots (Mouchel et al., 2006), Pra2,
encoding a Rab GTPase in pea, that regulates BR C2 hydroxylation by
enhancing DDWF1 activity (Kang et al., 2001), CESTA that positively regulates
BR biosynthetic gene expression (Poppenberger et al., 2011), and RAVL1, which
positively regulates the expression of both BRI1 and BR biosynthetic genes, but
itself is not subject to BR feedback regulation (Je et al., 2010).

Another mechanism for controlling BR homeostasis is to inactivate BR. Both
brassinolide (BL) and its precursor castasterone (CS) are inactivated by
hydroxylation at the C-26 position by the cytochrome P450 BAS1 (Neff et al.,
1999). Exogenous BL induces the expression of BAS1 (Mathur et al., 1998; Goda
et al., 2002). Similarly, BR can be glucosylated at the 23-OH position by an UDPglycosyltransferase (UGT), UGT73C5, in A. thaliana, which reduces its biological
activity (Poppenberger et al., 2011).

An interesting structural feature of some BR biosynthetic enzymes such as
DWARF1 (DWF1) that converts of 24-methylenecholesterol to campesterol,
DWF4 that mediates multiple C-22 hydroxylations, and CPD that catalyzes C-23
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hydroxylations (Figure 1.2 in INTRODUCTION), is the presence of a calmodulin
(CaM)-binding domain in these proteins. DWF1 has been demonstrated to bind
Ca2+/CaM and this binding is critical for its function (Du and Poovaiah, 2005).
Mutations leading to loss of CaM binding in DWF1 resulted in a dwarf phenotype,
while partial loss of CaM binding resulted in a partial dwarf phenotype. Thus, it
would appear that Ca2+/CaM-mediated signaling has a critical role in controlling
the function of at least one BR biosynthetic enzyme.
Ca2+ is an ubiquitous secondary messenger, which mediates stimulus-response
coupling in the regulation of diverse cellular functions (Yang and Poovaiah,
2003). In plants, cytosolic Ca2+ concentration can be rapidly elevated in response
to a variety of stimuli such as light, plant hormones, touch, abiotic stresses and
pathogen elicitors, which then quickly returns to basal level causing Ca2+ spike
(Evans and Hetherington, 2001; Yang and Poovaiah, 2003). The transient Ca2+
elevations are sensed by Ca2+-binding proteins, which generally use a helix–
loop–helix motif called ‘EF-hand’ to bind Ca2+ with high affinity (Day et al., 2002).
Plants have a number of different EF-hand proteins, including CaMs and CaMlike (CML) proteins, Ca2+-dependent protein kinases (CDPKs) and calcineurin Blike (CBL) proteins (Galon et al., 2010). CaMs are the most conserved Ca2+binding proteins in eukaryotes (Yang and Poovaiah, 2003, McCormack et al.,
2005). In A. thaliana, there are seven CaMs that share approximately 89% amino
acid identity with vertebrate CaMs (McCormack et al., 2005). Like CaMs, CMLs
also have EF-hands, but no other identifiable functional domains. There are
approximately 50 CMLs in A. thaliana. Most CMLs in A. thaliana share at least
16% overall amino acid sequence identity with the CaMs (McCormack et al.,
2005).
Although CaMs and CMLs have no enzymatic activity of their own, the Ca2+activated CaM or CML complex is able to regulate a variety of cellular processes
by modulating the activities of numerous target proteins (Bouche’ et al., 2005).
More than 50 different types of CaM-binding proteins (CaMBPs) have been
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identified in A. thaliana; these have been implicated in the regulation of
metabolism, cytoskeleton function, ion transport, protein folding, protein
phosphorylation and dephosphorylation, phospholipid metabolism, transcriptional
regulation and hormone signaling (Bouche’ et al., 2005; Ranty et al., 2006). In
recent years, a link between Ca2+/CaM-mediated signaling and phytohormones
has emerged. A. thaliana seedlings with mutation in AtCML24 were insensitive to
ABA-mediated inhibition of germination (Delk et al., 2005), and those with
mutation in AtCML9 were hypersensitive to ABA-mediated inhibition of
germination, but tolerant to salt stress (Magnan et al., 2008). The Ca2+/CaMbinding transcription factor AtSR1 (A. thaliana signal responsive 1), which can
repress the expression of a positive regulator of SA biosynthesis EDS1 is yet
another example (Du et al., 2009). Binding of Ca2+/CaM to AtSR1 was found
essential for suppression of plant defense responses, indicating a direct role for
Ca2+/CaM in regulating the function of AtSR1 (Du et al., 2009).

We identified a BR-induced CML in the microarray screen described in
CHAPTER 2. Since the expression of CML10 (gene ID: At2g41090) was
consistently up-regulated in response to exogenous BR and because BR
biosynthetic enzymes DWF1, CPD and DWF4 possess CaM-binding sites, I
hypothesized that CML10 is involved in downstream responses of BR, with a
possible role in the negative feedback regulation of BR synthesis. Here I show
through studies of a cml10 knockout (KO) mutant and CML10 overexpressing
lines that this gene controls traits like flowering time, vegetative growth, seed
yield and stress tolerance, all which are also BR-related traits. In a collaborative
study carried out in our laboratory, it was shown that CML10 protein interacts with
BR biosynthetic enzymes DWF1, DWF4 and CPD. Although endogenous BR
levels could not be measured in the cml10 mutant and CML10 overexpressing
lines, our data based on detailed phenotypic and biochemical analysis, strongly
suggest a function for CML10 in regulating endogenous BR levels through
interactions with BR biosynthetic enzymes.
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4.2 MATERIALS AND METHODS

4.2.1 Plant Materials and growth conditions

A. thaliana ecotype Columbia (Col-0) was used in all experiments. A number of
T-DNA

insertion

lines

(SALK_0043844,

SALK_077709,

SALK_077711,

SALK_058561) for A. thaliana CML10 gene (gene ID: AT2G41090) were
obtained from the Arabidopsis Biological Resource Center (ABRC, Ohio State
University) and tested for expression. Only one homozygous mutant line
(SALK_0043844), which has the T-DNA inserted into the promoter region of the
CML10 gene, was found to be lacking in CML10 transcript expression. All studies
involving cml10 mutant were done with the homozygous line SALK_0043844.

Plants were grown either on soil, or on 0.5X Murashige and Skoog (MS) medium
(Sigma, St. Louis) supplemented with 1% phytablend (Caisson labs, USA) and
0.5% sucrose. Seeds were surface sterilized according to Kagale et al. (2007),
and stratified at 4oC for at least three days before sowing on plates or soil. Seeds
were grown in growth chambers set at 220C under a 16/8 h light-dark cycle at 80
µE m-2 s-1. For salt and osmotic stress, and ABA inhibition of germination, seeds
of WT and cml10 were grown on MS medium containing 150 mM NaCl, 200 mM
D-mannitol or 0.5-1.0 µM of ABA, respectively. Sucrose was omitted from the MS
medium in the case of salt and osmotic stress treatments.

4.2.2 RNA isolation and quantitative real-time reverse transcription PCR
(RT-QPCR)
CML10 transcript expression in response to exogenous 24-epibrassinolide
(EBR), and in transgenic plants overexpressing CML10, was assessed by
quantitative real-time reverse transcription PCR (RT-QPCR). RNA was extracted
from frozen leaf tissue collected from 14-day-old wild type (WT), vector control
(VC) and CML10 overexpressing lines, and 21-day-old EBR-treated and
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untreated WT seedlings, using the SV Total RNA Isolation System (Promega,
Madison, WI). In the first case, cDNA was prepared using QuantiTect Reverse
Transcription Kit from QIAGEN, while in the second case, cDNA was prepared
using oligo (dT)18 primer and Super Script First Strand Synthesis System for RTPCR (Invitrogen, Carlsbad, CA). PCR reaction was carried out in a Rotor Gene3000 thermocyler from Corbett Research (Sydney, Australia) using 0.1X SYBRGreen I (Invitrogen, Carlsbad, CA). Reactions were performed in duplicate for
each biological replicate with an initial denaturation step at 940C for 4 min
followed by 35 cycles of denaturation (15 s at 940C), annealing (30 s at 560C) and
extension (30 s at 720C and 15 s at 830C). The coding sequence of CML10
available through GenBank was used to design gene-specific primers [CML10-F:
5’

AGGAGTTCGGTGCCGTGATG

and

CML10-R:

5’

TTCCGTCACCATCTAAATCCGA]. Expression values of CML10 in WT, VC and
transgenic lines were determined according to 2-ΔΔCT method described by Livak
and Schmittgen (2001). Fold-changes in gene expression in EBR-treated vs.
untreated seedlings were determined using a relative standard curve method. In
both cases Actin was used as the endogenous control gene to normalize input
amounts.

Primers

used

for

Actin

amplification

were

[ACT-F:

5’TGCTCTTCCTCATGCTATCC; ACT-R: 5’ATCCTCCGATCCAGACACTG]. Four
biological replicates were used to validate the microarray expression data, and
three biological replicates were used to determine relative expression in
overexpressing lines.

4.2.3 RT-PCR analysis of CML10 transcript expression in cml10 mutant
plants
Homozygous cml10 plants were checked for transcript expression by
semiquantitative RT-PCR. RNA was isolated from 21-day-old WT and cml10
seedlings as described before. cDNA was prepared from 2.5 µg of total RNA
using the oligo (dT)18 primer and Super Script First Strand Synthesis System for
RT-PCR (Invitrogen, Carlsbad, CA). CML10-specific primers were used to
amplify the CML10 transcript. Actin was used as the loading control. The
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amplification conditions were: 940C for 5 min; 20 cycles for Actin, and 24 or 30
cycles for CML10 of 940C for 30 s, 550C for 40 s and 720C for 1 min.

4.2.4 Confirmation of cml10 for homozygous T-DNA insertion
To confirm that cml10 plants are homozygous for T-DNA insertion, genomic DNA
was extracted from young leaves using the CTAB method (Doyle and Doyle,
1990) and used in a PCR reaction together with T-DNA left border-specific primer
LBb1.3 (5’ ATTTTGCCGATTTCGGAAC) and T-DNA flanking primers (LP- 5’
GTAGAATGCACTTGCGAATCC and RP- 5’ TCAGGTTTAAACCGAGGGAAC)
generated by SIGnAL T-DNA Express: Arabidopsis Gene Mapping Tool
(http://signal.salk.edu/tdnaprimers.html). The amplification conditions used were:
940C for 5 min; 35 cycles of 940C for 35 s, 550C for 45 s and 720C for 1 min; final
extension at 720C for 5 min.

4.2.5 Sequence analysis and phylogenetic tree construction
Amino acid sequence similarity search was carried out using the BLAST program
at the National Center for Biotechnology Information (NCBI) GenBank database.
A neighbor-joining phylogenetic tree was constructed using ClustalX (version
1.81). Pairwise alignment of amino acid sequences was done using the EMBOSS
pairwise alignment algorithm (http://www.ebi.ac.uk/Tools/psa/) available through
EMBL-EBI. Multiple alignment was carried out using the ClustalW2 multiple
alignment program at EMBL-EBI (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

4.2.6 Expression constructs and generation of transgenic plants
Gateway technology was used in the preparation of the CML10 expression
construct.

Primers

[Forward

primer:

5’

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGAATAAGTTCACTAGA
C

3’;

Reverse

primer:

5’

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGAAAACAACGCTTCGAA
C 3’] were designed according to the gateway primer design protocol to include
the entire coding sequence of CML10 available through GenBank (Accession
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number: NM_129674). A 0.6 kb size fragment was amplified using CML10 cDNA
as template, CML10-specific

primers and Phusion™ High-Fidelity DNA

Polymerase (New England Biolabs). The DNA fragment was introduced into the
entry vector pDONRTM221 (Invitrogen) using BP clonase II (Invitrogen) according
to the manufacturer’s instructions, and the target fragment in the pDONR clone
was sequenced to confirm its integrity. The DNA fragment in the entry clone was
transferred by recombination to the destination vector pEarlyGate 100 (Earley et
al., 2006). Following another round of sequence verification, the destination clone
was transformed into Agrobacterium tumefaciens GV3101 by electroporation.
Agrobacterium-mediated transformation of A. thaliana was done using the floraldip method (Zhang et al., 2006). Seeds from T0 transformants were allowed to
germinate on soil and primary transformants (T1) were selected by spraying the
herbicide Basta (glufosinate) on 3-day-old seedlings. Basta resistant transgenic
T1 plants were self-fertilized to yield T2 seeds. Homozygous lines were identified
by screening T2 seedlings for 100% survival against Basta. Transgenic VC was
generated by the same procedure using the empty pEarlyGate 100 vector.

4.2.7 Seed yield analysis
WT, VC, cml10 mutant and overexpressing lines (TR1-08, TR1-11, TR1-13) were
grown in growth chambers (220C, 16/8 h, 80 µE m-2 s-1 of light) in individual (8.48
cm x 8.48 cm x 8.26 cm; 03.50 STD TL TW from Dillen Products) square pots
filled with an equal amount of soil. Either four plants or a single plant were grown
in each pot. Once the plants started to bolt, the soil pot was covered by a floral
sleeve. Seeds were harvested from plants grown in one pot when the last siliques
had turned brown, dried, and were ready to dehisce. The plants were cut at the
crown and crushed by hand to release seeds from siliques. Plant debris was
manually removed from the harvested seeds, which were then dried at room
temperature for three days, and weighed.
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4.3 RESULTS

4.3.1 CML10 is a BR-responsive gene
To identify differentially expressed genes in response to BR under stress or nostress conditions, we conducted a microarray study in A. thaliana grown for 21
days in the absence or presence of 1 µM EBR and exposed to heat stress (HS)
at 430C for one hour (1h), three hour (3h), and recovery at 220C for six hour
following 3h HS (6h-R) (CHAPTER 2). Functional categorization of significantly
changed genes based on Gene Ontology (GO) annotations identified six genes
related to Ca2+ signalling (Appendix 3.9), including the 22 kDa calmodulin-like
calcium-binding protein (CABP-22), also called calmodulin-like Ca2+-binding
protein 10 (CML10) (McCormack et al., 2005). The consistent up-regulation of
CML10 in response to BR under all conditions of the experiment was notable;
transcript expression of CML10 was 5.08, 4.47, 6.27 and 3.73 -fold higher in
EBR-treated seedlings as compared to untreated seedlings at 0h, 1h, 3h and 6hR, respectively (Figure 4.1A). The microarray results closely matched the RTQPCR-derived

profiles, which showed 5.5, 4.26, 5.28 and 3.03 -fold up-regulation

of CML10 expression in EBR-treated seedlings at 0h, 1h, 3h and 6h-R,
respectively (Figure 4.1A). Due to the constant high level induction of CML10 by
BR under no stress and HS conditions, we chose to analyse the functions of
CML10 using genetic approaches.

CML10 encodes a 191 amino acid protein with a predicted molecular mass of 22
kDa. A search for known protein domains against the NCBI conserved domain
database identified four EF-hand Ca2+ binding motifs in CML10 (Figure 4.1B).
The 50 CMLs present in A. thaliana share amino acid sequence identities ranging
from ~25% to 75% with the seven AtCaMs (McCormack et al., 2005; Dobney et
al., 2009). Pairwise global sequence alignment showed that CML10 shares
amino acid identities ranging from 43% to 49.5% with the seven AtCaMs.
AtCaM5 and AtCaM7 were the closest to CML10 with sequence identities of
49.3% and 49.5%, respectively. A BLASTP search of the GenBank database of

135

Figure 4.1 Molecular analysis of CML10.

A) CML10 transcript expression in response to BR. Total RNA was isolated from
21-day-old WT A. thaliana seedlings grown on MS plates in the absence or
presence of 1 µM EBR and subjected to either no-stress (0 h), or HS by exposing
seedlings to 430C for one hour (1 h), or three hours (3 h), and recovery from HS
at 220C for six hours (6 h-R) following 3 h of HS. RNA samples were analysed
for expression profiles using Affymetrix ATH1 genome microarray (black bar) or
RT-QPCR (red bars).
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Figure 4.1 Molecular analysis of CML10 (contd.).

B) Domain structure of CML10. Schematic diagram of CML10 showing the EFhand (EFh) domain (Ca2+-binding motifs).
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non-redundant protein sequences (nr) identified similar proteins in other plants
with the closest homolog in Vitis vinifera (gi:18139651) (Figure 4.1C). Two close
homologs, Os05g0491100 and Os03g0319300, were identified in rice, and one in
Zea mays (gi:162463080). The V. vinifera protein shared sequence identity of
48.5% with CML10, while the rice and the maize proteins showed 49% amino
acid identity with CML10. Thus, it would appear that CML10 is conserved across
both dicot and monocot plant species.

Multiple sequence alignment of CML10 with closely related AtCaM5 and AtCaM7,
and homologs from other plant species revealed that the EF-hand Ca2+-binding
motifs have a high degree of conservation, and that CML10 possesses a Cterminal tail of 45 amino acids, which is lacking in most other proteins (Figure
4.1D). Although AtCaM5 also has a C-terminal extension, it is shorter and
unrelated to CML10.

The CML10 protein was predicted by WoLF PSORT (http://wolfpsort.org) to
localize to the cytoplasm. Promoter analysis using AtcisDB, an integrated
database of promoter sequences, found several transcription factor binding sites,
such as AtMYC2 BS in RD22, ATB2 in ProDH, MYB4 binding, DPBF1/2 binding,
LFY consensus binding and GATA motif binding within 3000 bp upstream of the
CML10 start codon. A manual search also identified nine E-box elements
(CANNTG), which is the binding site for transcription factor BES1 (Figure 4.1E).
The presence of E-box elements in the promoter region strongly suggests that
CML10 expression is regulated by BR. The other motifs indicate light and stress regulated expression of CML10. The presence of binding sites for LFY
transcription factor, which regulates transition to flowering, explains CML10’s role
in controlling flowering time.

4.3.2 In silico analysis of CML10 expression using AtGenExpress datasets
A collaborative microarray project (based on Affymetrix ATH1 arrays), dubbed
AtGenExpress, has utilized 79 different Arabidopsis samples in triplicate to
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Figure 4.1 Molecular analysis of CML10 (contd.).

C) Phylogenetic tree showing sequence relatedness of CML10 with CaM proteins
from A. thaliana and other plants species. Full-length protein sequences,
retrieved by Blast search against the NCBI database, were aligned using Clustal
X 1.81. A phylogenetic tree was derived through the neighbor-joining method in
Clustal X.
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Figure 4.1 Molecular analysis of CML10 (contd.).

D) Multiple sequence alignment of CML10 with CaM proteins from A. thaliana
and other plants species. Amino acid sequences of close homologs of CML10
were retrieved from the NCBI GenBank database. Multiple alignment was
performed

by

ClustalW2

available

through

EMBL-EBI

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The positions of the ‘EF-hand’ (Ca2+binding motifs) are indicated by black lines.
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Figure 4.1 Molecular analysis of CML10 (contd.).

E) CML10 DNA sequence showing 937 bp of putative promoter (black letters),
102 bp of 5’UTR (red letters), and 76 bp of the first exon (amber letters). The
positions of the nine E-box (CANNTG) elements are highlighted in yellow. ATG
indicates translational start position.
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5’CGCAAGGTAGAAACTATGGTTCGCGTTATTTCGTATGTACCATGTTTTTGG
TCGTTTGTGTAGTTTCTAACCTTCCACACCCTTGGCTTGCGATTCTTTCCAAA
GCAGAGATGTTAGATCAGAGGATGGAGTGGGTTCTCAAGTAGAATGCACTT
GCGAATCCCTCAGATCAGATTTTTCATAGGTAAAGTTCGTTAACTTCAACAAC
ACCACTTTAGTAAACATGTGATAATCAATCGTCATAAGCATCTTCGATTCATT
TTTATCTTATGCAAGTGTTTGCTTTATTATGATTTGTTAAGTTTTGCATAAATA
CGGACGTTGAAGCACTTCCCAGAACTCATGAGTGTTTTTATAAACTATTTATT
AAAAGTTAGTATAAGAAAACTATAACATAAAAGTAAAATATAATTTAGACAAAT
GTAGCGATTGGTCCAGTTACTCATCCAAAATTCCAAATGAATCTTCCACCGTT
GATAATTCTATTCCATTGTTTTCTTCTGTAGAAGACCATATATTATTAAGTCTC
TAGTCCATTGTCAATAAATGGAAATACAAAAAAAAAAAAAAAAAAAAAAAGAA
GAAGAAGAAAAAGACAGCATTTAATGAACGAAAATAATATTAATGAATTTGGA
AGAAGGAACGAACCAACGAGAAAAATCAACGAAATAATTTAGACAAATGTAG
CGATTGGTCCACTACCCATCCAAAAGTCCAAATGAATACTTCACCGTTGATA
ATTCTATTCAATTGTTTTCTTCTGTAGAAGACCATATATTATTAAGTCTCTAGT
CCATTGTAAATAAATGTTTCTTTCAAATAAATGGAAATACAAAAAAGAAAAGA
AAAAAAAGACAGCATTTAATGATGATAACGATTTGGAAGAAGGAACCAACCA
ATTAGAGTAACAAACCAAGGAGGCGACTCACATGAAAGCAAAAGCTGACAT
GGCAGTGAATTCAGTTTTATAAAAAAGGCTTCAAGGCCGAGAGTTCGTAGTA
CAAACTCTTCTCTCAGTCATCACAGAAAATAAAAAACAATGGCGAATAAGTTC
ACTAGACAACAGATTTCAGAGTTTAGGGAACAGTTCAGCGTATACGACAAGA
ATGGTGATG
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generate

expression data

Visualization

that

can be accessed using AtGenExpress
Tool

(AVT)

(http://www.weigelworld.org/resources/microarray/AtGenExpress/) to analyze the
developmental, and hormone and stress-induced expression of genes by
inputting their AGI IDs on the homepage. To formulate a functional working
hypothesis for CML10, absolute expression values were retrieved using AVT and
used to develop Figure 4.2. According to the AtGenExpress datasets, CML10
was expressed predominantly in leaves, with the highest level of expression in
senescing leaves (Figure 4.2A). With regards to hormones, CML10 was most
responsive to BR (10 nM BL) at all time points tested, while it was repressed by
ABA (10 μM) and JA (1 μM) at 3 h (Figure 4.2B). In aerial tissue, CML10
expression was increased most by UV-B and decreased most by cold and
osmotic stress (Figure 4.2C, upper panel), while in roots, maximum increase
occurred in response to oxidative stress and maximum decrease was again in
response to osmotic stress (Figure 4.2C, lower panel). These data suggest that
CML10 may have a role in regulating stress responses.

A picture that clearly emerges from our microarray and RT-QPCR data where
CML10 expression was monitored after 21 days of BR treatment, and from data
available at AtGenExpress where response to BL was noted for a maximum of 3
h, that CML10 is primarily a BR-regulated gene. This notion is further supported
by the observation that the promoter region of CML10 possesses several
potential BES1-binding sites.
4.3.3 Characterization of CML10 T-DNA knockout lines
To study the function of CML10 in A. thaliana, several T-DNA insertion lines were
obtained from ABRC and homozygous plants were obtained from selfed
heterozygous plants. One T-DNA insertion line, SALK_0043844 (cml10), was
obtained as a confirmed homozygous line with the predicted insertion position
located at approximately 100 bp upstream of the transcription start site. A
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Figure 4.2 In silico analysis of CML10 expression using AVT.

The absolute expression values for CML10 were retrieved by AVT and plotted. A)
in different plant parts; B) in seedlings in response to 0.5, 1 and 3 h treatment
with different hormones.
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Figure 4.2 In silico analysis of CML10 expression using AVT (contd.).

The absolute expression values for CML10 were retrieved by AVT and plotted, C)
in response to time course exposure to different abiotic stresses in aerial and root
tissues.
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schematic diagram of exon-intron arrangement of the CML10 gene and the TDNA insertion site in the promoter region is shown in Figure 4.3A. RT-PCR
analysis of T-DNA insertion lines indicated that only the SALK_0043844 line
lacked CML10 transcript expression (Figure 4.3B). As expected, the P1-P2
primers amplified a detectable PCR product of 100 bp in WT, but not in cml10. To
further confirm the absence of transcript expression in cml10, the WT and mutant
plants were grown on medium supplemented with 1 μM EBR for 21 days, a
treatment that should increase CML10 transcript levels. CML10 expression was
indeed increased in the WT, but still no signal was detected in the cml10 mutant
(Figure 4.3B).

To confirm that cml10 was homozygous for T-DNA insertion, genomic PCR was
carried out using T-DNA specific primer LBb1.3 and gene specific primers (LP
and RP). A gene-specific band of the expected size (approximately 987 bp) was
produced in WT with LP-RP primers, but not in cml10, while a

band of

approximately 500 bp, as predicted in TAIR, was produced with Lb1.3+RP in
cml10, but not in WT (Figure 4.3C). The LP-RP primers also produced an
approximate 650 bp band in both WT and cml10. Further investigation revealed
that the RP primer was identical to a sequence in CML12 while the LP primer
shared 47.6% base identity with a region in CML12, an arrangement that would
amplify a 627 bp CML12 gene fragment (Appendix 4.1). The presence of this
band could be avoided by using more stringent PCR conditions.

The results of RT-PCR and genomic PCR together indicate that cml10 is a
homozygous knockout mutant.

4.3.4 Salt, osmotic and heat stress phenotypes of cml10 mutant seedlings

AVT analysis of CML10 expression indicated that salt and osmotic stress downregulate its expression in root (Figure 4.2C). If CML10 suppresses salt and
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Figure 4.3 Molecular characterization of the T-DNA insertion mutant cml10.

A) Schematic diagram showing the T-DNA insertion site in the cml10 mutant. The
organization of introns, exons, promoter and untranslated regions (UTRs) of A.
thaliana CML10 gene are depicted by line, and red-, black-, and blue-colored
boxes, respectively (not drawn to the scale). The T-DNA insertion site is indicated
by downward triangle. The positions of P1 and P2 primers used for RT-PCR
analysis

are

indicated

by

arrows.

B) Analysis of CML10 expression in WT and cml10 seedlings by semiquantitative
RT-PCR. RNA was isolated from 21-day old WT and cml10 plants grown in the
absence (C) or presence of EBR (EBR). ACTIN was used as internal control.
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Figure 4.3 Molecular characterization of the T-DNA insertion mutant cml10
(contd.).
C) Testing of the homozygosity of cml10 mutant for T-DNA insertion by genomic
PCR. Labelings at left-side of the gel are indicating the sizes of the DNA bands
generated in genomic PCR, and labelings at right are indicating band sizes in the
100 bp ladder.
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osmotic stress responses under normal growing conditions, then loss of its
expression in cml10 mutant should make these seedlings more resistant to these
stresses. Indeed, the mutant seedlings displayed a more resistant phenotype
than WT against both salt and osmotic stresses generated by the addition of 150
mM NaCl and 200 mM D-mannitol, respectively, to the MS medium (Figure 4.4).
Both these stresses induced senescence or yellowing of the germinating
seedlings. In the absence of any stress, WT and cml10 seedlings looked alike
(Figure 4.4A). After 10 days of growth on salt-containing medium, 64% of WT
seedlings showed yellowing, while only 23% of cml10 seedlings showed this
effect (Figure 4.4B). Similarly, growth on D-mannitol for 10 days induced
yellowing in 53% of WT seedlings, but only 7% of cml10 seedlings were affected
(Figure 4.4C). The stress phenotype of cml10 plants in response to HS, whereby
5 and 21 -day-old seedlings were exposed to 430C for 1.5 h and 1-4 h,
respectively, and recovered for 7 days at 220C, were similar to WT (data now
shown). These data suggest that CML10 negatively regulates salt and osmotic
stress responses in seedlings, and has little to no effect on HS responses under
the conditions of the present study.

4.3.5 ABA-induced inhibition of germination of cml10 mutant seedlings

The role of ABA as a negative regulator of germination is well established. BR, on
the other hand, promotes germination and helps to overcome the inhibition of
germination by ABA (Steber and McCourt, 2001; Divi and Krishna, 2010). To
obtain an idea of the role of CML10 in BR responses, such as the ability to
overcome ABA-mediated inhibition of germination, the germination phenotype of
cml10 was analysed alongside of WT on MS plates containing 0, 0.25, 0.5, 0.75,
and 1.0 µM ABA. cml10 was less sensitive than WT to ABA-induced inhibition of
germination; about 80% and 42% of cml10 seedlings germinated and had green
cotyledons after 5 days of growth on 0.75 μM and 1.0 μM of ABA, respectively,
as compared to 33% and 2% of WT seedlings (Figure 4.5B). Although BR levels
need to be correlated with the cml10 phenotype on ABA plates, the current
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Figure 4.4 cml10 seedlings are more tolerant to salt and osmotic stresses than
WT.
A) Phenotypes of WT and cml10 mutant seedlings grown at 220C for 10 days on
MS medium either without (C) or with 150 mM NaCl or 200 mM D-mannitol.
B) Proportion of WT and mutant seedlings turned yellow after growing for 10
days on 150 mM NaCl.
C) Proportion of WT and mutant seedlings turned yellow after growing for 10
days on D-mannitol.
Data shown are averages of three replicates. Number of seedlings scored (n)
≥30. Vertical bars represent the standard error (SE) of the mean for three
replicates. The data were analyzed by a Student’s t-test, and the threshold of
significance is indicated above the histograms (***P < 0.01).
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Figure 4.5 cml10 is more tolerant than WT to ABA-mediated inhibition of
germination.

A) Phenotypes of WT and cml10 mutant seedlings germinated and grown on MS
medium for six days in the presence of 0.0 – 1.0 µM of ABA.

B) Proportion of WT and cml10 seedlings with green cotyledons after 5 days of
growth on 0.75 and 1.0 µM of ABA plates. Data shown are averages of three
replicates. Number of seedlings scored (n) >25. Vertical bars represent SE of the
mean for three replicates.
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results may be taken to tentatively suggest that cml10 seedlings have heightened
BR responses as compared to WT.

4.3.6 Flowering time in cml10, WT and CML10 overexpressing transgenic
lines.

To understand the functions of CML10 in more detail, the CML10 cDNA with fulllength ORF was amplified and cloned into the binary vector pEarlyGate100 under
the control of the CaMV 35S promoter (Earley et al., 2006), and transgenic lines
were generated through Agrobacterium-mediated transformation of A. thaliana.
Of the 14 independent transgenic lines that were generated, TR1-03, TR1-05,
TR1-08, TR1-11 and TR1-13 were identified as homozygous based on 100%
survival against basta treatment in T2 generation plants. RT-QPCR analysis of
CML10 transcripts in transgenic lines indicated that TR1-08, TR1-11 and TR1-13
had an average of 99, 130 and 247 -fold higher expression, respectively, in
shoots as compared with WT plants.

These lines were chosen for further

analysis.

A connection between BR and flowering time has been made in several studies
(Li et al., 2010). BR-deficient and BR-signaling mutants display delayed flowering
(Chory et al., 1991; Li and Chory, 1997; Domagalska et al., 2007). To explore
further the correlation between CML10 and BR responses, seeds of WT, cml10,
and overexpressing lines TR1-11, TR1-13 and TR1-8, were germinated and
grown on soil in a growth chamber maintained at 220C with a 16/8 h light-dark
cycle, and flowering time was recorded for 15-23 plants per genotype. The
average time taken by WT, VC, cml10, TR1-11, TR1-13 and TR1-08 to bolt after
germination was 27, 25.5, 23.8, 30, 30 and 30 days, respectively (Figure 4.6B).
The experiment was repeated three times and a similar trend was obtained each
time. In general, cml10 plants grew faster and bigger, while the CML10
overexpressing plants were smaller than WT and VC. Although the
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Figure 4.6 CML10 has a role in flowering-time regulation.

A) Phenotypes of WT, vector control (VC), cml10 mutant and CML10
overexpressing lines (TR1-11, TR1-13 and TR1-08) 28 days after germination.
Seedlings were grown in soil at 220C under a 16/8 h light-dark cycle at 80 µE m-2
s-1.

B) Average number of days required by WT, VC, cml10, and CML10
overexpressing lines to bolt after germination. Number of plants scored (n) ≥15.
Vertical bars represent SE of the mean number of days required to bolt after
germination. The data were analyzed by a Student’s t-test, and the threshold of
significance is indicated above the histograms (***P < 0.01).
C) CML10 transcript levels in VC and overexpressing lines as determined by RTQPCR.

RNA was isolated from 14-day-old seedlings grown on MS medium. The

data are expressed relative to WT where the mean value is set to 1.
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overexpressing lines had varied levels of CML10 transcript expression, the
bolting time for these three lines was nearly the same.

The number of rosette leaves generated in WT, cml10 and overexpressing lines
at bolting were also analyzed under long-day condition (16/8 h light-dark), but no
significant differences were observed between the different genotypes. On
average, WT generated 1.46 leaves more than cml10, whereas WT and
overexpressing lines generated almost similar number of rosette leaves (data not
shown), suggesting that the flowering time differences resulted from differences
in the rates of leaf initiation, rather than the number of leaves initiated during the
vegetative phase.

4.3.7 Seed yield in cml10, WT and CML10 overexpressing transgenic lines

BR activity is recognized primarily as being growth-promoting. Genetic
manipulation of endogenous BR levels or BR signalling has resulted in 20–60%
increase in crop yield (Divi and Krishna, 2009a). BR-mediated crop yield
increases

result

from

many

BR-mediated

effects

such

as

enhanced

photosynthetic efficiency, increased assimilation of glucose to starch in the seed,
increased fertility, change in leaf angle, and increase in the number of branches
and siliques (Divi and Krishna, 2009a,b). We closely watched the growth and
yield phenotypes of cml10 mutant and CML10 overexpressing transgenic plants,
alongside of WT and VC. As compared to WT and VC, cml10 plants had more
branches and greater vegetative growth than WT and VC, while CML10
overexpressing lines showed the opposite phenotype, having less number of
branches and an overall smaller size (Figure 4.7A). The increased branching in
cml10 was correlated with a 56% increase in the number of siliques, which in turn
led to an increase in total seed weight per plant, calculated as a 26% increase in
seed yield over WT (Figure 4.7B,C). As would be expected, CML10
overexpressing lines TR1-11, TR1-13 and TR1-8 had a 48%, 31% and 36%
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Figure 4.7 CML10 controls growth and seed yield.

A) Phenotypes of WT, VC, cml10, and overexpressing lines 70 days after
germination. Seedlings were grown in soil at 220C under a 16/8 h light-dark cycle
at 80 µE m-2 s-1.

B) Percent silique yield in terms of numbers/plant is expressed relative to WT
where the average silique yield value is set to 100%. Number of plants used for
each genotype to calculate average seed yield >5. The data were analyzed by a
Student’s t-test, and the threshold of significance is indicated above the
histograms (***P < 0.01; **P < 0.05).
C) Percent seed yield (g / plant) is expressed relative to WT where the average
seed yield value is set to 100%. Number of plants used for each genotype to C)
Percent seed yield (g / plant) is expressed relative to WT where the average seed
yield value is set to 100%. Number of plants used for each genotype to calculate
average seed yield >8. The data were analyzed by a Student’s t-test, and the
threshold of significance is indicated above the histograms (**P < 0.05).

The experiments were repeated three times and data were analyzed. The trends
of the results were same in all three experiments, here the results from one
experiments are shown.
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decrease, respectively, in silique yield, and a 23%, 28% and 43% decrease,
respectively, in seed yield as compared to WT (Figure 4.7B,C). These data
indicate that CML10 negatively regulates growth and seed yield in A. thaliana
plants

4.3.8 CML10 localization and interaction with BR biosynthetic enzymes

The experiments described below were performed by Dr. BP Prasad in Dr.
Krishna’s laboratory, and the results are reported in brief to provide a more
complete picture of the molecular function of CML10. CML10 was localized to the
cytoplasm by transient expression in tobacco (Nicotiana benthamiana) leaves of
YFP-CML10

and

CML10-YFP

fusions

cloned

into

pEarlyGate101

and

pEarlyGate104 vectors (Earley et al., 2006) (data not shown). CML10 was found
to interact with BR biosynthesis enzymes DWF1, CPD and DWF4 in yeast twohybrid assay, and the interaction between DWF1 and CML10 was confirmed in
bi-molecular fluorescence complementation (BiFC) assay (data not shown).
Deletion of the predicted calmodulin-binding site in DWF1 resulted in loss of
interaction with CML10 in yeast two-hybrid assay. These data support the
hypothesis that CML10 regulates the activity of BR biosynthetic enzymes, and
has a role in controlling BR levels.

In summary, we have found that 1) CML10 transcript levels are upregulated in
response to BR, 2) loss of CML10 transcript expression in cml10 mutant results
in greater tolerance to salt and osmotic stresses, decreased sensitivity to ABAmediated inhibition of germination, early flowering, as well as increase in
branching and seed yield, and 3) CML10 interacts with the BR biosynthetic
enzyme DWF1 via the calmodulin-binding site in DWF1. These results suggest
that CML10 controls BR homeostasis through binding and regulating the activities
of BR biosynthetic enzymes such as DWF1, CPD and DWF4, which are also
feedback-controlled by BR at the transcriptional level.
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4.4 DISCUSSION
CMLs are described as CaM-like proteins with one or more EF hand Ca2+-binding
motifs, but no other known functional domains (Ranty et al., 2006). The CML
gene family in A. thaliana comprises of 50 members and in recent years
functional characterization of some members, CML42, CML24, CML23, CML18,
CML19, CML9, CML8, has revealed that these proteins function as Ca2+ sensors,
much like the CaMs, and control developmental and stress aspects of plants
(Perochon et al., 2011). We identified CML10 (gene ID: AT2G41090) in a
microarray study aimed at understanding the mechanisms underlying BRmediated increase in abiotic stress tolerance. CML10 was consistently
upregulated by BR at all time points tested in microarray and RT-QPCR
experiments (Figure 4.1A), suggesting that CML10 is an authentic BR response
gene. Additional information supporting this notion includes 1) maximal induction
by BL (3 h treatment), as compared to other hormones, of CML10 transcript
expression in the publicly available AtGenExpress microarray data set (Figure
4.2B), 2) presence of numerous potential BES1-binding sites in the CML10
promoter region (Figure 4.1E), and 3) approximately 5-fold increase in CML10
protein expression in BR-treated seedlings (24 h treatment) over untreated
seedlings, and conversely, decrease in expression in plants harboring the
dominant bzr1-1D mutation that activates downstream BR responses and
promotes feedback inhibition of BR biosynthesis (Deng et al. 2007). These
observations highlight BR-mediated induction of CML10 expression at both the
transcript and protein levels by both short and long –term treatment with BR.
Given that CML10 is induced by BR and downregulated by the dominant bzr1-1D
mutation, it is logical to assume a role for CML10 in controlling BR homeostasis,
which in turn implies that its own expression must be controlled via a BR-sensing
pathway containing BR-signaling components such as BRI1, BIN2, and
BES1/BZR1 proteins. Indeed, the presence of BES1 binding sites in the putative
promoter region of CML10 is consistent with such a mechanism. Finally the
question arises how CML10 may control BR levels? An earlier study described
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three BR biosynthesis enzymes DWF1, DWF4 and CPD as Ca2+/CaM-binding
proteins and provided evidence indicating that that Ca2+/CaM-binding by DWF1 is
critical for its function in BR biosynthesis (Du and Poovaiah, 2005). We detected
putative CaM-binding site also in the BR inactivating enzyme BAS1 (Appendix
4.2). These observations together indicate that Ca2+/CaM may have an integral
role in controlling BR levels. Our results demonstrating CML10 expression in
response to BR and its interaction with DWF1, DWF4 and CPD in yeast twohybrid and with DWF1 in BiFC assays (data not shown) clearly set the stage for
CML10 as the primary Ca2+ sensor controlling BR levels.

Some of the well known macroscopic effects of BR on plants, either through
exogenous treatment or genetic manipulation of BR levels, consist of reduced
sensitivity to ABA-induced inhibition of germination (Steber and McCourt, 2001),
enhanced abiotic stress tolerance (Divi and Krishna, 2009a,b), early flowering
phenotype (Turk et al., 2005), and increase in branching and seed yield (Choe et
al., 2001). If CML10 negatively regulates BR levels, its knockout phenotype
should mimic the aforementioned BR effects. Indeed, the cml10 mutant seedlings
were more resilient to ABA-induced inhibition of germination, and to salt and
osmotic stress-induced damage, as compared to control seedlings. Within the
CML gene family, CML10 is not the only member to be linked with abiotic stress
tolerance and ABA-regulated germination. AtCML9 negatively regulates ABA
signaling, and loss of its function increases salt and drought tolerance (Magnan
et al., 2008). Similar to cml10, CML24 underexpressors have increased
germination and growth on ABA and enhanced resistance to salt stress, but
unlike cml10, CML24 underexpressors are delayed in flowering under 16 h
photoperiod (Delk et al., 2005). Both CML24 and CML9 are responsive to various
stimuli and are up-regulated by ABA (Delk et al., 2005; Magnan et al., 2008). By
contrast, ABA appears as the most potent inhibitor in the hormone category of
CML10 transcript expression, followed by JA (Figure 4.2B). From these data it
would appear that CMLs function in different hormone signaling programs,
controlling their outputs by different mechanisms.
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CML10 has previously been linked with immune responses in A. thaliana in being
identified as a member of the gene cluster defined as the Late/sustained Upregulation in Response to Hyaloperonospora parasitica (LURP) cluster (Knoth et
al., 2007, 2009). The CML10 promoter contains two 25-bp stretches consisting of
two inversely repeated sequences within the H. parasitica (Hp) -responsive
regions, which bind proteins. The exact mechanism of CML10 induction by
pathogens is not known, but a link was made between AtWRKY70, a positive
regulator of resistance to a variety of biotrophs, and CML10 expression in that
AtWRKY70 directly or indirectly contributes to constitutive and Hp-triggered
expression of CML10 (Knoth et al., 2007). However, since no canonical W box
motifs could be identified in the CML10 promoter, it is believed that WRKY70
upregulates CML10 in response to pathogens in an indirect manner. Whether
CML10 expression in response to pathogen infection impacts BR levels or
regulates an entirely different set of target proteins remains to be seen. BR has
been found in our laboratory to increase resistance to fungal pathogens (Sahni,
Prasad and Krishna, unpublished data) and to upregulate WRKY70 (Divi et al.,
2010), but in the absence of additional data a connection between BR and
CML10 during pathogen-induced defense responses is difficult to speculate.

The growth, flowering and seed yield -related functions of CML10 were reinforced
in phenotypes of both the mutant (cml10) and CML10 overexpressors. Since the
numbers of branches, siliques and seeds per plant were higher in cml10 and the
plants flowered earlier than WT, while the overexpressors displayed the opposite
phenotypes, it is logical to conclude that CML10 negatively regulates these traits.
It would be interesting to see if CML10 controls flowering by affecting the
expression of floral regulators like FLOWERING LOCUS C (FLC) and
CONSTANS (CO) as does AtCML24 and its close paralog AtCML23 (Tsai et al.,
2007). FLC, a MADS-domain transcription factor, is a potent floral repressor
whose expression is repressed by BR signaling leading to accelerated flowering
(Domagalska et al., 2007). There exists strong genetic evidence for BRs as floral
promoters. Firstly, BR-deficient mutants, det2 and dwf4, and BR signaling mutant
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bri1, are late-flowering (Chory et al., 1991; Li and Chory, 1997; Azpiroz et al.,
1998; Domagalska et al., 2007), while the bas1 sob7 double mutant, which is
impaired in metabolizing BRs to their inactive forms, is early flowering (Turk et al.,
2005). Secondly, BR signals work within a chromatin pathway, which requires
ELF6 and REF6 as components in the floral-transition (Yu et al., 2008). And
thirdly, double mutant between bri1 and late-flowering autonomous mutants ld
and fca result in enhanced delayed flowering, which is accompanied with an
increase in expression of the floral repressor FLC (Domagalska et al., 2007). The
proposed role of CML10 arising from the present results is a good fit with BR’s
role in flowering. If CML10 acts to control BR homoeostasis, then loss of its
function in cml10 would result in increased level of BR activity in the mutant,
which would repress FLC and result in early flowering. Analysis of FLC transcript
levels in cml10 and CML10 overexpressors in the future should shed light on how
CML10 controls flowering time.

The early flowering phenotype along with increased branching and seed yield in
cml10 makes CML10-like genes a potential biotechnological target for genetic
manipulation in crop plants. CMLs, like CaMs, are expected to have several
targets that could range from metabolic enzymes, kinases, phosphatases,
transcription factors, channels and pumps, cytoskeletal proteins to proteins of
unknown functions. The span of CML10 targets is currently not known and while
the various phenotypes observed for CML10 in knockout and overexpression
backgrounds, which mimic the phenotypes caused by enhanced and reduced BR
levels, respectively, could result from CML10’s interactions with different and
unrelated target proteins, we favor the likelihood that the conglomeration of BRrelated phenotypic traits arise from changes in BR levels brought about by
CML10 in these backgrounds.
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CHAPTER 5

A BRASSINOSTEROID-REGULATED PUTATIVE CALMODULINBINDING PROTEIN GENE AtCaMBP50 ENHANCES SALT
TOLERANCE AND SEED YIELD IN ARBIDOPSIS THALIANA.
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CHAPTER 5

5.1 INTRODUCTION

As sessile organisms, plants face the challenge of surviving under constantly
changing environmental conditions. To cope with the various stimuli generated by
abiotic and biotic environmental factors, the physiology of plants has evolved with
complex systems of signal perception and transduction (Casal, 2002).
Phytohormones such as abscisic acid (ABA), jasmonic acid (JA), salicylic acid
(SA), ethylene (ET), brassinosteroids (BRs), and secondary messengers such as
calcium (Ca2+) and reactive oxygen species (ROS), are the main players in
mediating cellular responses to various stimuli (Knight and Knight, 2001; Xiong et
al., 2002; Gibson, 2005; Testerink et al., 2004; Wang, 2005; Bargmann and
Munnik, 2006). BRs are a relatively new group of plant hormones that are
becoming increasingly recognized for their role in controlling stress responses.
Structurally similar to steroid hormones in animals and insects, BRs are a group
of plant polyhydroxylated steroids that are essential for proper plant development
because

of

their

critical

roles

in

cell

proliferation

and

elongation,

photomorphogenesis, xylem differentiation, seed germination and flowering time
(Sasse, 2003; Haubrick and Assmann, 2006; Yu et al., 2008). Similarly, BRs
potentiate, both directly and through cross-talk with other hormones, diverse
cellular processes involved in stress tolerance, such as increasing stress gene
expression, antioxidant enzyme activities, osmoprotectant accumulation, as well
as maintaining protein synthesis (Divi and Krishna, 2009a, b). Presumably it is
this effect on general stress that BR can confer tolerance to a range of stresses
such as high and low temperatures, high salt and drought (Dhaubhadel et al.,
1999; Kagale et al., 2007; Divi and Krishna 2010), as well as pathogen infection
(Krishna and coworkers, unpublished data). Results of global gene expression
analysis of untreated and BR-treated A. thaliana seedlings under no-stress and
stress conditions also indicate that BR affects a great number of cellular
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processes either directly or through crosstalk with other plant hormones
(CHAPTER 2).

BRs are perceived at the membrane by the plasma membrane-localized leucinerich repeat (LRR) receptor-like kinase (RLK) BRI1 (Li and Chory, 1997). BR
binding

to

BRI1

causes

its

dissociation

from

BKI1,

and

facilitates

autophosphorylation as well as association and transphosphorylation between
BRI1 and its co-receptor BAK1 (Nam and Li, 2002; Wang and Chory, 2006). The
activated BRI1 phosphorylates BSK1, promoting BSK1 binding to the
phosphatase BSU1 (Tang et al., 2008; Kim et al., 2009). Subsequently BSU1
inactivates the GSK3-like kinase BIN2 by dephosphorylation, thereby leading to
the nuclear accumulation of transcription factors BZR1 and BES1 (Kim et al.,
2009). BZR1 and BES1 directly bind to the promoters of BR-regulated genes to
affect their expression. In view of the number of physiological processes that BRs
regulate, it is expected that BZR1 and BES1 recruit other proteins to regulate
gene expression. Indeed, BES1 is reported to interact with BES1-interacting
MYC-like proteins (BIMs) (Li et al., 2008), JMJ (JUMONJI) domain-containing
proteins ELF6 (EARLY FLOWERING6) and REF6 (RELATIVE OF EARLY
FLOWERING6) that are involved in regulating flowering time (Yu et al., 2008),
and Interact-With-Spt6 (AtIWS1), an evolutionarily conserved protein implicated
in RNA polymerase II (RNAPII) post-recruitment and transcriptional elongation
processes (Li et al., 2010). Thus, BES1 and BZR1 form a transcriptional network
for BR response and crosstalk with other signaling pathways.
Signaling mechanism involving the universal second messenger Ca2+ has been
linked with BR responses in that BR biosynthetic enzymes, AtDWF1, DWF4 and
CPD have been described as Ca2+/calmodulin (CaM) binding proteins (Du and
Poovaiah, 2005). Since the activity of AtDWF1 is critically dependent on
Ca2+/CaM binding, it is clear that BR biosynthesis, in part, is regulated by this
mechanism. We have provided strong evidence for CML10 to be a primary
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regulator of BR biosynthesis through interaction with BR biosynthesis enzymes
(CHAPTER 4).
Different stimuli can elicit distinct patterns of alterations in Ca2+ concentration
referred to as Ca2+ signatures (Sanders et al., 2002; Rudd and Franklin-Tong,
2001). Spatial and temporal properties of Ca2+ signatures, including the
amplitude, duration and frequency of Ca2+ oscillations, can then specify the
cellular responses (Pauly et al., 2000; Bouche’ et al., 2005). Ca2+ signatures are
decoded by a suite of Ca2+ sensor proteins such as CaM, CaM-like protein
(CML), calcium-dependent protein kinase (CDPK), calcineurin B-like protein
(CBL) (Day et al., 2002; Yang and Poovaiah, 2003). CaM is known to couple
Ca2+ signals to changes in the activity of downstream proteins via direct
interaction with target proteins referred to as CaM-binding proteins (CaMBP). The
repertoire of CaMBPs in plants includes many structurally and functionally
unrelated proteins that are involved in various biological processes such as
regulation of metabolism, morphogenesis, cell division, cell elongation, ion
transport, gene regulation, cytoskeletal organization and stress tolerance (Yang
and Poovaiah, 2003). Examples of CaMBPs involved in stress tolerance in A.
thaliana include ACA4, a vacuolar Ca2+-ATPase containing a CaM-binding
domain (CaMBD) (Geisler et al., 2000), some members of the CAMTA (CaMbinding transcription activator) family, CaMBP25, a nuclear localized protein,
(Perruc et al., 2004), and SARD1, a member of the CBP60 gene family (Wang et
al., 2009, 2011).

We identified four CaMBPs in a microarray study of BR regulated gene
expression under no stress and heat stress (HS) conditions; At4g33050 (EDA39),
At5g57580 (CBP60b), At4g25800 (CBP60d), At1g73805, that were upregulated
by BR under stress (CHAPTER 3). To understand the functions of one of these
proteins in BR-mediated stress tolerance mechanism, I chose to study CaMBP50
(Gene ID: At1g73805), recently referred to as SARD1 (systemic acquired
resistance deficient 1) due to its role in modulating SA biosynthesis and defense
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gene expression (Zhang et al., 2010; Wang et al., 2011). Here we show through
studies of CaMBP50 T-DNA insertion line and overexpressing transgenic lines
that CaMBP50 is associated with salt tolerance and seed yield. Our results
extend the role of CaMBP50 beyond biotic stress and suggest that CaMBP50 as
a BR-regulated gene is multifunctional, controlling important traits like stress
tolerance as well as growth and seed yield.
5.2 MATERIALS AND METHODS

5.2.1 Plant Materials and Growth Conditions
All studies were with A. thaliana [ecotype Columbia (Col-0)]. Two heterozygous
T-DNA insertion lines (SALK_011448 and SALK_108516) for CaMBP50 (AGI
code: At1g73805) were obtained from the Arabidopsis Biological Resource
Center (ABRC; Ohio State University, Columbus, OH). SALK_108516 has the TDNA inserted in the seventh exon of CaMBP50, while SALK_011448 has the
insertion in the promoter region, according to sequence-viewer in TAIR
(http://www.arabidopsis.org/). Homozygous plants from SALK_011448 line
showed CaMBP50 transcript expression, while those from SALK_108516 lacked
expression of full-length CaMBP50 transcript in RT-PCR analysis. All studies
involving

cambp50

mutant

were

done

with

the

homozygous

line

of

SALK_108516.

Plants were grown either on soil or on 0.5X Murashige and Skoog (MS) (Sigma,
St. Louis) medium supplemented with 1% phytablend (Caisson labs, USA) and
0.5% sucrose. Seeds were surface sterilized by sequentially soaking in 75%
ethanol, rinsing 4-5 times in sterile water, soaking in 20% (v/v) commercially
available bleach for 15 minutes with stirring, and the rinsing 4-5 times with sterile
water. Prior to planting in soil or MS plates, seeds were placed in sterile 1.5 ml
eppendorf tubes with 250 µl of H2O, and kept for 3 days in the dark at 40C to
encourage synchronized germination. Seeds were allowed to germinate and
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grow inside growth chambers set at 22oC under a 16/8 h light-dark cycle at 80 µE
m-2 s-1.

5.2.2 Isolation of cambp50 plants homozygous for T-DNA insertions
Seeds of heterozygous SALK_011448 and SALK_108516 lines were germinated
on MS-medium plates supplemented with 50 μg/ml kanamycin. Seedlings that
grew well on kanamycin plates for two weeks were transferred to soil pots (one
seedling per soil pot). Seeds collected from individual plants were again placed
on kanamycin plates and those that displayed 100% resistance against
kanamycin were subjected to genomic PCR to confirm that plants were
homozygous for the T-DNA insertion. For genomic PCR, DNA was extracted from
leaf tissue by CTAB method (Doyle and Doyle, 1990) and used in PCR reactions
together

with

the

T-DNA

left

(5’ATTTTGCCGATTTCGGAAC3’)

border

and

5’GTTAGAAGACGAAGTGTGGCG3’
5’TGTGAAAACGTGAACAAGTGG3’)

T-DNA

specific

primer

flanking
and

LBb1.3

primers

(LPRP-

generated by SIGnAL T-DNA Express:

Arabidopsis Gene Mapping Tool (http://signal.salk.edu/tdnaprimers.html). The
amplification conditions were: 940C for 5 min; 35 cycles of 940C for 35 s, 550C for
45 s and 720C for 1 min; final extension at 720C for 5 min.

Homozygous plants derived from SALK_011448 and SALK_108516 lines were
also checked for transcript expression by RT-PCR. RNA was extracted from
frozen leaf tissue collected from 21-day-old WT and T-DNA isertion lines using
SV total RNA Isolation System (Promega, Madison, WI). cDNA was prepared
from 1 µg of total RNA using QuantiTect Rev. Transcription Kit (QIAGEN).
CaMBP50-specific primers (F1 5’ATGTTAGAAGACGAAGTGTGGCGG3’; F2
5’AGACATCGTTGCTCTTCACG3’;

F3

5’CGAAGTGTGGCGGCTAGAGAAGATA3’;

R1

5’CTTGACCGCTACTCCCTTTC3’; R2 5’TTAGAAAGGGTTTATATGATTTTG3’)
were used to amplify fragments from the cDNA preparations. The amplification of
ACTIN

[Forward

5’TGCTCTTCCTCATGCTATCC3’;

Reverse
185

5’ATCCTCCGATCCAGACACTG3’]

was

used

as

loading

control.

The

amplification conditions were: 940C for 5 min; 20 cycles for ACTIN, and 30 cycles
for CaMBP50 of 940C for 30 s, 550C for 40 s and 720C for 1 min, final extension
at 720C for 7 min.

5.2.3 Sequence alignments and phylogenetic tree construction
Amino acid sequence similarity search was carried out using the BLAST program
at the National Center for Biotechnology Information (NCBI) GenBank database.
A neighbour-joining phylogenetic tree was constructed using ClustalX (version
1.81). Pairwise alignment of amino acid sequences was done using the EMBOSS
pair wise alignment algorithm (http://www.ebi.ac.uk/Tools/psa/) available through
EMBL-EBI. Multiple alignment was carried out using the ClustalW2 multiple
alignment program at EMBL-EBI (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

5.2.4 In silico expression analysis using AtGenExpress Visualization Tool

AtGenExpress datasets, which were developed through a collaborative
microarray project using 79 different Arabidopsis samples in triplicate to generate
expression data, were accessed using AtGenExpress Visualization Tool (AVT)
(http://www.weigelworld.org/resources/microarray/AtGenExpress/) to analyze the
development, hormone and stress -induced expression of CaMBP50. Absolute
expression values retrieved by AVT were used to develop bar diagrams
represented in Figure 5.1B and Figure 5.2A,B.

5.2.5 Analysis of CaMBP50 transcript expression by semiquantitative RTPCR

To analyse CaMBP50 expression in response to exogenous 24-epibrassiolide
(EBR), 21-day-old WT seedlings grown on MS medium plates were transferred to
liquid MS medium containing either 0.01% ethanol or 1 µM 24-epibrassiolide
(EBR) for 3 h and 12 h. Leaf tissue was collected and quick frozen in liquid N2
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and stored at -800C for RNA extraction. For salt stress, 21-day-old WT plants
grown on soil pots were irrigated with either water (control) or 150 mM NaCl
solution. Leaf tissue was collected after 3 h of salt treatment and stored at -800C.
RNA isolation and cDNA preparation were as described in section 5.2.2. PCR
was

carried

out

with

gene

specific

(5’TTCGAGTTGGATTCGTAGCC3’)

primers

and

CaMBP50-F
CaMBP50-R

(5’GTCTTGGACAGTGTTGATGTGG3’). ACTIN was used as loading control. The
amplification conditions were: 940C for 5 min; 20 cycles for ACTIN, and 25 cycles
for CaMBP50 of 940C for 30 s, 550C for 40 s and 720C for 1 min.

5.2.6 Expression constructs and generation of transgenic plants
Gateway technology, described in CHAPTER 3, was used in the preparation of
expression

constructs

for

CaMBP50.

Primers

(Forward

5’GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGAATAAGTTCACTA
GAC3’;

Reverse:

5’GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAAGAAAACAACGCTTCGA
AC 3’] were designed according to the gateway primer design protocol to include
the entire coding sequence (CDS) of CaMBP50 available through GenBank
(Accession number: NM_106040). CaMBP50 cDNA was amplified using these
primers and Phusion™ High-Fidelity DNA Polymerase (New England Biolabs)
and the resulting 1.4 kb fragment was introduced into the entry vector
pDONRTM221 (Invitrogen) using BP clonase II (Invitrogen) according to the
manufacturer’s instructions. The target fragment in the entry clone was
sequenced and then transferred by recombination to pEarlyGate100 and
pEarlyGate104 (Earley et al., 2006). The resulting overexpression constructs
were used in generating transgenic A. thaliana plants, and in examining the
subcellular localization of the protein in leaves of Nicotiana benthamiana,
respectively.

Following

another

round

of

sequence

verification,

the

overexpression constructs were introduced into Agrobacterium tumefaciens
GV3101 by electroporation. A. thaliana was transformed according to the floraldip method described by Zhang et al. (2006). Seeds from T0 transformants were
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allowed to germinate on soil and the primary transformants (T1) were selected by
spraying the herbicide Basta (glufosinate) on 3-day-old seedlings. Basta resistant
transgenic T1 plants were self-fertilized to yield T2 seeds. Homozygous lines were
isolated by screening T2 seeds for 100% survival against Basta.
5.2.7 Subcellular localization analysis of CaMBP50

The leaves of 21-day-old N. benthamiana plants were infiltrated with
Agrobacterium harboring either the overexpression construct in pEarleyGate104
or the empty pEarleyGate104 vector (control) according to the protocol described
by Sparkes et al. (2006). The infiltrated area of leaves were sliced out after 72
hours of inoculation and placed on a single microscope cover slide with a drop of
water between the slide and leaf. Another drop of water was placed on the
surface of the leaf for adhesion of the second cover slide on top of the leaf.
Individual cells were observed with either a 10X Dry or 63X W Corr objectives on
a Leica DMIRE2 confocal microscope. Fluorescent proteins were excited with an
Argon-Krypton laser. Data for the different color channels were collected
simultaneously. Images were collected with a charge-coupled device camera and
treated with Microsoft Photo Editor Software package.

5.2.8 Salt stress treatment
Seeds of WT, cambp50, and four overexpressing lines (CaMBP50-5, CaMBP506, CaMBP50-8, and CaMBP50-9) were allowed to germinate on MS medium
(control) and MS medium containing 150 mM NaCl (salt stress). Radicle
emergence was observed and scored daily for two to six days, and percent
germination was determined for each genotype.

To test the effect of long-term salt stress (Magnan et al. 2008), plants (WT,
cambp50, and four overexpressing lines) were grown in square pots (8.48 cm x
8.48 cm x 8.26 cm; 03.50 STD TL TW from Dillen Products) filled with an equal
amount of soil in a growth chamber (220C, 16/8 h, 80 µE m-2 s-1 of light). Five
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plants were grown in each pot for 21 days and then irrigated with equal volume of
either water (control) or 150 mM NaCl solution every 3 days. For a homogeneous
experimental condition, approximately 1.5L of water or 150 mM NaCl solution
were directly put on trays containing soil-pot on every three days. Salt stress was
given for five weeks, and the resulting symptoms were monitored on alternative
days. Plants with intact green leaves in the middle of the rosette after the
treatment were considered as survivors, and plants exhibiting complete
senescence of the entire body were considered as dead. Experiments were
repeated three times. The number of plants tested for each genotype varied from
15 to 25 in each experiment.

5.2.9 Measurement of Chlorophyll

WT, cambp50 and transgenic lines were grown on soil for three weeks and
subjected to salt stress treatment as described in section 5.2.8. Leaves (entire
rosettes) were collected from each plant after 10 days of treatment and the
material from five plants per genotype was pooled together, and this way three
replications of samples were obtained. The samples were grounded in liquid
nitrogen and immediately placed in 1.5 ml tubes containing 1 ml 80% (v/v)
acetone. Tubes were covered with aluminum-foil to prevent degradation of
chlorophyll by light, and incubated on ice for 1 hour with occasional vortexing.
Following centrifugation at 12000 x g for 5 min, the supernatant was transferred
to another tube and chlorophyll absorbance was measured at 652 nm using the
Beckman DU-640 spectrophotometer (Beckman Instruments). Chlorophyll
content was measured using the equation: Chl (mg/mL) = A652/34.5 (Danilov and
Ekelund, 2001).

5.2.10 Real-time reverse transcription PCR (RT-QPCR) analysis of CaMBP50
expression.
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CaMBP50 transcript expression in overexpressing transgenic plants was
examined by RT-QPCR. Leaf tissue samples were collected from 14-day-old WT
and CaMBP50 overexpressing lines in liquid N2 and stored at -800C. Extraction of
RNA and preparation of cDNA were carried out as described in section 5.2.2.
PCR reaction was carried out in a Rotor Gene-3000 thermocyler from Corbett
Research (Sydney, Australia) using 0.1X SYBR-Green I (Invitrogen, Carlsbad,
CA). Reactions were performed in duplicate for each biological replicate with an
initial denaturation step at 940C for 4 min followed by 35 cycles of denaturation
(15 s at 940C), annealing (30 s at 560C) and extension (35 s at 720C and 15 s at
830C).

CaMBP50

specific

5’TTCGAGTTGGATTCGTAGCC3’

primers
and

(CaMBP50-F:
CaMBP50-R:

5’GTCTTGGACAGTGTTGATGTGG3’) were used in this analysis. Finally, values
were normalized using ACTIN as the internal control, and fold change in the
expression level was determined according to 2-ΔΔCT described by Livak and
Schmittgen (2001). Three biological replicates were used in the analysis to
determine relative expression of CaMBP50 in the overexpressing lines.

5.2.11 Seed yield analysis

WT, cambp50 and four transgenic lines (CaMBP50-5, CaMBP50-6, CaMBP50-8,
CaMBP50-9) that served as controls in salt stress tolerance assay (irrigated with
water only) were analysed for seed and silique yields. These plants were allowed
to grow to maturity. Each pot was covered with a floral sleeve when plants started
to bolt. For silique yield, the number of siliques produced at maturation by five
plants growing in a single pot were counted as a single replication. For seed
yield, seeds from five plants grown in one pot were harvested when the last
siliques had turned brown, dried, and were ready to dehisce. Plants were cut at
the crown and crushed by hand to release seeds from siliques. Plant debris was
manually removed from the harvested seeds, which were then dried at room
temperature for three days, and weighed. In overall, there were three pots and in
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total of 15 plants were counted for analyzing both silique and seed yields. The
experiment was repeated three times.
5.3 RESULTS

5.3.1 CaMBP50 is a BR- and stress-responsive gene

CaMBP50 was picked up as a BR- and stress-regulated gene in a microarray
analysis of A. thaliana seedlings grown for 21 days in the absence or presence
of 1 µM EBR and exposed to HS at 430C for one hour (1h), three hour (3h) and
recovered at 220C for six hour following 3h HS (6h-R) (CHAPTER 2). This study
identified six genes related to Ca2+-signaling, including CaMBP50 (Appendix 3.9).
The expression of CaMBP50 transcript was 1.4, 3.4, 2.4 and 1.3 -fold higher in
EBR-treated seedlings as compared untreated seedlings at 0h, 1h, 3h and 6h-R,
respectively (Figure 5.1A).

To see if CaMBP50 expression was affected by BR in short-term treatment, the
AtGenExpress dataset was availed using AVT. Of the various hormones tested,
BR [10 nM brassinolide (BL)] was the only hormone that increased the
expression of CaMBP50 by 2.5 and 2 folds at 1 h and 3 h of treatment with BL,
respectively (Figure 5.1B). The other hormones had little to no effect. BRresponsive expression of CaMBP50 was further confirmed by semi-quantitative
RT-PCR in 21-day-old WT seedlings treated with EBR for 3 h and 12 h.
CaMBP50 expression was increased roughly 1.5 to 2 fold at both time points by
BR (Figure 5.1C). These data together provide convincing evidence that
CaMBP50 is a BR-regulated gene.

CaMBP50 encodes a 451 amino acid protein with a predicted molecular mass of
50.7 kDa. A search for known protein domains against the NCBI conserved
domain database identified a nuclear localization signal (NLS) and a Calmodulin
Binding Domain (CaMBD) in the protein (Figure 5.2A). The A. thaliana genome
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Figure 5.1 BR-responsive expression of CaMBP50.

A) Total RNA was isolated from 21-day old WT A. thaliana seedlings grown on
nutrient-media plates in the absence or presence of 1 µM 24-epibrassinolide
(EBR) and subjected to either no stress (0h), or HS by exposing seedlings to
430C for one hour (1h), or three hours (3h), and recovery from HS at 220C for six
hours (6h-R) following 3h of HS. RNA preparations were subjected to analysis
using the Affymetrix ATH1 genome microarray.
B) Hormone-responsive expression of CaMBP50 in AtGenExpress hormone
response data, showing the gene was induced at 1h and 3h by 10 nM of BL
treatment.
C) Expression of CaMBP50 at 3h and 12h of EBR treatment. 21-day old WT A.
thaliana seedlings were subjected to 1 µM of EBR treatment. Total RNA was
isolated from both EBR-treated and untreated [as control (C)] tissue samples at
3h and 12h hour of the treatment, the expression of CaMBP50 in those samples
was determined by RT-PCR. ACTIN was used as loading control.
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Figure 5.2 In silico analysis of CaMBP50.

A) Schematic diagram of the predicted protein structure of CaMBP50, showing
the positions of nuclear localization signal (NLS) and calmodulin-binding domain
(CBD).
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possesses a huge repertoire of CaMBPs; the total numbers of these proteins are
still unknown. Some 100 CaMBP genes were identified in A. thaliana in a
biochemical screen combined with computational analysis (Reddy et al., 2002).
To identify close homologs of CaMBP50, a BLASTP search of the GenBank
database of non-redundant protein sequences (nr) was conducted. Seven
proteins from A. thaliana were identified as close homologs of CaMBP50 in this
analysis (Figure 5.2B). All of them were previously identified as the members of
CBP60 protein family in A. thaliana (Reddy et al., 2002; Wang et al., 2009), which
share sequence identities ranging from 24% to 32% with CaMBP50.
Phylogenetic tree analysis showed that CBP60g was the closest homolog for
CaMBP50. Although this result did match the previous analysis by Wang et al.
(2011), pairwise global sequence-alignment showed that CaMBP50 shared the
highest amino acid sequence identity with CBP60d, not with CBP60g ((Figure
5.2B). CBP60g shared sequence identity of 24% with CaMBP50, which was
lower than sequence identities of any other members of CBP60 protein family
(Figure 5.2B). Interestingly, CBP60g has been demonstrated to play partially
redundant roles with CaMBP50 in SA signalling (Wang et al., 2011). The closest
homolog of CaMBP50 from plant kingdom was identified in Vitis vinifera
(gi:297734237) with 49% amino acid sequence identity with CaMBP50 (Figure
5.2C). Closely related proteins in Oryza sativa (Os01g0134700) and Zea mays
(gi|226508646|) showed 38% and 31% amino acid identities with CaMBP50.

Our

analysis

with

calmodulin

target

database

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html) found three 20-22 aminoacid stretches putative for CaM binding in CaMBP50 (Figure 5.2D). Multiple
sequence alignment of CaMBP50 with closely related proteins from V. vinifera, O.
sativa and A. thaliana revealed that there exist good degree of conservation
within putative CaM-binding positions in these proteins (Figure 5.2D).

We next used WoLF PSORT tool for prediction of CaMBP50 subcellular
localization. In accordance with the presence of a nuclear localization signal in
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Figure 5.2 In silico analysis of CaMBP50 (contd.).

B) An unrooted tree showing sequence relatedness of CaMBP50 with seven
members of CBP60 family proteins in A. thaliana. Full-length protein sequences
retrieved by NCBI Blast search database were aligned using Clustal X 1.81. A
phylogenetic tree was derived through the neighbor-joining method in Clustal X.
% identity of each of the seven CBP60 family proteins with CaMBP50 as
determined by pairwise sequence alignment are shown in the brackets.
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Figure 5.2 In silico analysis of CaMBP50 (contd.).

C) Phylogenetic tree showing sequence relatedness of CaMBP50 with proteins in
A. thaliana and other plants species. Full-length protein sequences retrieved by
NCBI Blast search database were aligned using Clustal X 1.81, and phylogenetic
tree was constructed by neighbor-joining.
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Figure 5.2 In silico analysis of CaMBP50 (contd.).

D) Multiple alignment of CaMBP50 with five close homologs from A. thaliana and
other plants species. Amino acid sequences of close homologs of CaMBP50
retrieved from NCBI GenBank database. Multiple alignment was performed by
ClustalW2

available

through

EMBL-EBI

(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The positions of the putative CaMBD
sites in CaMBP50 are indicated by black line on the top. Red line is indicating the
position of CaMBD site in CBP60g as suggested by Wang et al. (2011).
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continued to the next page
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CaMBP50, the highest probability of localization was assigned to the nucleus,
followed

by

chloroplast.

Promoter

analysis

(http://www.bioinformatics2.wsu.edu/cgi-bin/Athena/cgi/home.pl)

using
and

Athena
AtcisDB

(http://arabidopsis.med.ohio-state.edu/AtcisDB) found three copies of GATA
factor binding motif in the promoter region (3226 bp upstream of transcription
start site) of CaMBP50 (Figure 5.2E), suggesting a possible role for this gene in
light-regulated growth in A. thaliana (Jeong and Shih, 2002; Luo et al., 2010).
However, a number of non-enriched promoter elements were also found in 3226
bp upstream region: single copy of the motifs for AtMYC2 BS in RD22, W-box,
MYB4 binding and T-box, and three copies of the motif for RAV1-A binding site
(Figure 5.2E). It was not known whether or not the presence of stress related
motifs, such as AtMYC2 BS, W-box and MYB4-binding, interfere in the stress
responsive expression CaMBP50. A manual search in the promoter region
identified six E-box elements (CANNTG), the binding site for transcription factor
BES1 (Figure 5.2E). The enriched presence of E-box elements in the putative
promoter region is another evidence in support of the notion that CaMBP50 is a
BR-regulated gene.

CaMBP50 transcript expression was increased 2.4-fold by 1 h HS as compared
to no stress in EBR-treated seedlings, indicating that CaMBP50 is not only a BRregulated but also a stress-inducible gene. Analysis of AtGenExpress
development and stress data sets revealed that CaMBP50 is expressed
predominantly in leaves with the highest level of expression in senescencing
leaves (data not shown), and that the gene is responsive to osmotic and drought
stress in shoots, and maximally to salt stress in roots (>1000-fold induction at 6h)
(Figure 5.3A, B). A strong signal for CaMBP50 transcripts was found after 3 h of
salt-stress, the only time point tested in the present study, while it was nearly
absent in the control plants (Figure 5.2C). These data confirm that CaMBP50 is
highly responsive to salt stress and suggest a role for this gene in salt stress
tolerance.
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Figure 5.2 In silico analysis of CaMBP50 (contd.).

E)

The upstream sequences of CaMBP50 showing 3226 bp of promoter

(depicted in black letters), and 91 bp first-exon (depicted in amber letters). The
positions of the motifs for E-box, W-box, RAV1-A-binding, GATA factor-binding,
T-box, MYB4-binding

and AtMYC2 BS are hi-lighted in yellow, light-green, dark-

yellow, teal, turquoise, pink and gray. ATG is indicating the position of the
translational start.
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E
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Maximum upstream distance: 3226
5’......ttccacatgatttacatctccatttttcacagatttttttttcttctgattgtccaaattattcttacctataccaatac
gtttcagcccatttgtattgaaatgcccaattttagttacaagtcttgtccttttctttccgatgaaatttactctacatattta
tgggaagtgacattagcaggattgaattagtccattttaacaaatcttcttcatccatatacatatgtatttaattacgat
ctcttaagagaggcccatttccgttttaacaaaatcttcttcatccctgatagtgagaatttcaatttcaatgtcgccga
tcatgtcgacggtaaatccctgcatctttcttcaagacgcttctcatagttccctattttctcgccattttatgatgaatgat
ttcatatagtcacctagatctctttgaaaaacctttttttaagacctcgtatgaatctgatagactttatagatcttcgtac
atgaatccgatagacatagatcattgttttaattttgaacagtagattttgttctctctttgtgcaacatcacaaaatttaa
gtttgaaccctagaaaatttaggaagctatatttgttaatagtggttagttatcatacatgtattattgaattaataaagtt
agagagattaatacaaataataaaggaaagtggtataacttgcaatatataaaattcctaaatacaaggaatcttt
aatacttttgcaacactaaacacaaattgctagactgcatattatgagcaacctagtttctataatttttcttttatagta
atatacttttctcattgtttgacgaatacttttttgggaactgtgaatttttatatgtttttcttaaaatttatagatttataataa
aattttaaaacattaaactatatattttactatatttattatatataatttatctatatattaaaccatattgttttgcctatgac
atcatttttttgcacggctctgtatttaagtgatgttaattagagaatgtcagttatatgattggctcgttgagagtggtca
gattgctatgaaaatttcgaaatttcgttttgcggctctaaagatcggcttactgtcagcgtcactatttcatatgaaag
tcctcatggtgggtttttataggtggataagactttcatgttttctaaataaattttattttgtaaatatatagagttaccaa
aatatatgatttgacagcttattagtttttacggtttgtttttcgttgtttgattaggtgattcgttgttcacttacgtgactaat
atgattgtttattgataagatttggagatgactcgagctcatataaactaagccattgatgtcgaaaaactgtttaaa
aaatttagtcgctaatgtatactcacgcggctgtattgtcccgtacgcggccacttttattttgtattgaagtactaactt
acgttttaaaaattagactgaaactcaaactaaaatctgttttgtcccgtacgcggccatttttattttgtattaatgttct
aaattacattttaaaaattagactcaaactccaactaaaatctccagccagcatatatatatagaatgttgcttagtc
aatagtaacaaaataattgcaaatgtaaaggctgcttccaagaaaaaaaaggcagtcctatatcttttaacttgat
atcttacaaagttataaaatggattactcacatcatagtctttgaaaaactaaaattattatgaaaaggtacatatta
acacacccaaaaataaaaaaaaataaacgttcttgagttggcaacccctaaaagtggatggcaattcagaaat
gggcttttaatgtttagattccataaaaagtgaatagatggttcttattctgtgtatgtgagatatcaatatcatcgtgac
aaagactatgtgacaattaccatacaatttatcatggaggcaaagcattacaattataatgctaccaaaaatatttt
gaagttaaaacaaaaaaaacttattaaagttaattaaaagcaagattttcgacagagactaaacagagtcgatt
gaagctaaaagcacgacaagttttgagaggatgattgagatttgtaactcacccgacaagaaattacccgaaa
aggacaaaccaattcaatgaaccttcgtcgaaatcattcacttgaccctttatatagtatagtttatattaacacataa
gaacttggataattttagtttcctttaacgcatgacatttctatattaaataaaaactattgttgttttttgttctcctgcttaa
cttaaaatgacagctattaaattatcaggatatttttggaaaccgatgtaaaccgaaaaaaggttattataagacttt
ctttccttctttcttatttgcttaaaagatatatagttcaattttttgttttcttgcttaaagaaaagatagttcaataaaattgt
atctatataaaagggattgctaaatagacatacaccgtatttatcggacgagaccaagaagttcaggttattgcaa
actttgcctttttgacataaactttagaaaacaaatctgaacctgtctttttctctgattttcataatttttactaattaggtta
gagaggaacaaacatgaatccgaattatatagacaatcaatttttcataattaagtatgttgatatgatgatatcaat
agtgttaatattcttacaagataaagaaaggaacaaaaattcttcgaagaacggaccggatcgatcgtatactcg
tagtgctctctctacaagaagtaatcatgtggcatatggatcacgctttatactagcagttagatctaaaacccaatc
gggtgggaagatcggaaccgtccatttgtcaacaaaggaagctttctaaattggagttgacgtcaaaagtctccc
tatttatgacgccataaatagattattcgcgtggatcagacttcggacttctttggatattgccaggttgtttcctttgtcg
ttcttcgaactttctttatttttttttatttttttttggtttttgtgagactaaagactaaaactatataaatatcatcgccgtataa
gattatgtcaaaacattacaaaacctagttttgatctaagcgctctctctctaactctccctctctttctctcacaactca
ccagaacaattccATGGCAGGGAAGAGGTTATTTCAAGATCTTGATTCTGACCAAG
AAATAAGTCCGAGAAACGGATTAAATCTGTACTACCATCCCTTGCCTC
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Figure 5.3 Salt-induced expression of CaMBP50.

(A) and (B) AVT stress-response data showing the expression of the CaMBP50
under osmotic-, salt-, drought-stress conditions in aerial and root tissues.
C) Total RNA was isolated from 21-day old WT A. thaliana seedlings treated with
150 mM of NaCl for 3h, the expression of CaMBP50 was analyzed by RT-PCR.
ACTIN was used as loading control.
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5.3.2 CaMBP50 is localized to the nucleus

Since the predicted CaMBP50 protein contains a nuclear localization signal at its
N-terminus (Figure 5.2A), we fused the yellow fluorescent protein (YFP)
separately to the N- and C- terminus of full-length CaMBP50 and transiently
expressed the fusion protein under the control of CaMV 35S promoter in leaf
tissue of N. benthamiana. The full-length YFP was localised to both the
cytoplasm and the nucleus, but the fusion proteins YFP-CaMBP50 were only
detected in the nucleus (Figure 5.4). The data are only shown for YFP-CaMBP50.
Staining of the cells for nuclei using DAPI will be done in the future to
unequivocally establish the identity of nuclei, however, for now we deduce from
the results represented in Figure 5.4 that CaMBP50 is a nuclear-localised protein.
While this work was in progress, CaMBP50 was identified as a nuclear-localised
protein that binds to DNA in a sequence specific manner and is required for
systemic acquired resistance (SAR) in A. thaliana (Zhang et al., 2010).

5.3.3 Mutation in CaMBP50 leads to salt-sensitivity

To analyze the role of CaMBP50 in salt stress responses of A. thaliana, a reverse
genetic approach was used. Two T-DNA insertion mutants, SALK_108516 and
SALK_011448 were selected on kanamycin, and the resistant plants were grown
for seeds. Plants that displayed 100% survival against kanamycin in subsequent
generation were genotyped using PCR and RT-PCR. The T-DNA insert in
SALK_108516 is predicted to be present in the seventh exon of CaMBP50
(Figure 5.5A). Genomic PCR using T-DNA specific primer LB1.3 and gene
specific primers (LP and RP) confirmed the presence of the T-DNA insert and the
absence of the gene specific bands, respectively, in SALK_108516 (Figure 5.5B).
Since SALK_108516 contains the insert in the seventh exon, it was considered
possible that it expresses an incomplete transcript. For this reason three different
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Figure 5.4 Subcellular localization of CaMBP50.

Images by confocal microscopy showing the nuclear localization of the YFPCaMBP50 fusion construct. YFP-CaMBP50 fusion construct was transiently
expressed in N. benthamiana leaf tissues under the control of the cauliflower
mosaic virus 35S promoter, and the epidermal cells were examined through
confocal microscope. The photographs were taken in the bright field for the
morphology of the cells, in the dark field for yellow fluorescence, and the
photographs were overlaid to show the combination.
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Figure 5.5 Molecular characterization of the T-DNA insertion mutant cambp50.

A) Schematic diagram showing the T-DNA insertion site in the cambp50 mutant
(not drawn to the scale by 100%). The organization of introns, exons, and
untranslated regions (UTR) of the A. thaliana CaMBP50 gene are depicted by
lines, and red and blue-colored boxes, respectively. The T-DNA insertion site is
indicated by downward triangle. The position of the primers (F1, R1, F2, R2, F3,
LP, RP, Lb1.3) used for RNA and DNA genotyping are indicated by arrows (not
drawn to the scale by 100%).
B) Genotyping of the homozygous cambp50 plants using T-DNA specific primer
(Lb1.3), left primer (LP) and right primer (RP).
C) Analysis of CaMBP50 mRNA expression in WT and cambp50 seedlings by
RT-PCR using different combination of primers. RNA was isolated from 21-dayold WT and cambp50 plants grown on soil. ACTIN was used as an internal
control.
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forward primers corresponding to exon 1, 3 and 5 were used in combination with
the R2 primer in RT-PCR analysis to confirm the lack of full-length CaMBP50
transcript. Indeed, a transcript was detected in SALK_108516, as in WT, with F1
and R1 primers, but not in SALK_108516 with F1, F2 or F3 in combination of R2
(Figure 5.5C), indicating that a full-length transcript was not present in
SALK_108516. The second T-DNA insertion line SALK_011448, predicted to
contain the T-DNA insert in the promoter region, displayed expression of
CaMBP50 transcript in RT-PCR analysis (data not shown) and was therefore
excluded from further analysis. SALK_108516, referred to as cambp50 hereafter
was used for further studies.

The massive upregulation of CaMBP50 in response to salt stress (Figure 5.3 A,
B, C) possibly corresponds to its role in salt stress tolerance. To explore the role
of CaMBP50 in salt stress tolerance, cambp50 and WT were subjected to salt
stress by watering plants with 150 mM NaCl solution for four weeks. After 15
days of salt treatment, cambp50 plants showed more yellowing and bleaching of
the leaves than WT (Figure 5.6A). At the end of four weeks, only 31% of
cambp50 plants survived as compared to 60% survival of WT plants (Figure
5.6B).

5.3.4 Overexpression of CaMBP50 in transgenic plants leads to enhanced
salt stress tolerance

In continuing to elucidate the role of CaMBP50 in salt stress tolerance, CaMBP50
full-length cDNA was expressed both in WT and cambp50 under the control of
CaMV 35S promoter. From the ten independent transgenic lines that were
isolated initially, four (CaMBP50-5, CaMBP50-8, CaMBP50-9, and CaMBP50-6)
were selected for further analysis based on 100% survival against BASTA
treatment. Plants of CaMBP50-6 line were smaller and of darker green color as
compared to WT (Figure 5.7A, control). RT-QPCR analysis of CaMBP50
expression in shoot tissue of 14-day-old seedlings showed that CaMBP50-5,

214

Figure 5.6 cambp50 mutant seedlings are sensitive to NaCl-induced salinity
stress.

A) WT and cambp50 were grown on soil for three weeks and subjected to salinity
stress treatment (watering every three days with water containing 150 mM NaCl).
Photographs of the control (mock-treated) and salt- stressed plants were taken
14 days after the start of treatment.
B) Proportion of the WT and cambp50 surviving four weeks after the start of salt
treatment. Data shown are averages of three replicates. Number of seedlings
scored (n) ≥9. Vertical bars represent Standard Error (SE) of mean for three
replicates. All the data were analysed by a Student’s t-test to evaluate if the
difference in survival percentage between WT and cambp50 was significant. The
threshold of significance is indicated above the histogram. (**P<0.01).
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Figure 5.7 CaMBP50 overexpressing plants are more tolerant to salt-stress than
WT and cambp50.
A) WT, cambp50, and CaMBP50 overexpressing lines (CaMBP50-5, CaMBP508, CaMBP50-9 and CaMBP50-6) were grown for 2 weeks on soil and subjected
to salt stress (watering every three days with water containing 150 mM NaCl).
The photographs of control (mock-treated) and salt-stressed plants were taken
21 days after the start of the treatment.

B) Real-time PCR analysis of TR2 transcript levels in WT and overexpressing
lines. The data are expressed relative to WT.
C) Proportion of WT, cambp50 and overexpressing lines surviving for five weeks
after the onset of salt treatment. Data shown are averages of five replicates.
Number of seedlings scored per replication (n) ≥5. Vertical bars represent SE of
mean for five replicates. The data were analysed by a Student’s t-test and the
threshold of significance is indicated above the histograms. (**P<0.01).

D) The content of total chlorophyll in leaf tissues of the WT, tr2 and
overexpressing lines was determined after 10 days of the salt treatment. Data
shown are averages of the three replicates. Vertical bars represent SE of mean
for three replicates.
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CaMBP50-8, CaMBP50-9, and CaMBP50-6 had 241, 135, 271, and 203 -fold
higher expression, respectively, than WT (Figure 5.7B). When subjected to salt
stress treatment (as described in section 5.3.3), all four transgenic lines showed
better phenotypes than WT and cambp50 within the first 15 days of treatment.
Following five weeks of salt stress, the transgenic lines had survival rates ranging
from 57-90%, while only 25% of WT plants survived (Figure 5.7C). None of the
cambp50 plants survived the five week salt stress treatment.

It is known that saline conditions lead to chlorophyll degradation and reduction in
net photosynthesis rate, which results in reduced growth and productivity (Parida
et al., 2003). As a measure of salt stress tolerance, we determined chlorophyll
levels in leaf tissue of WT, cambp50 and overexpressing lines, collected on the
tenth day after start of salt treatment. Consistent with the survival data,
chlorophyll degradation was higher in cambp50 seedlings and considerably less
in the overexpressing lines as compared to WT (Figure 5.7D). The level of
chlorophyll was decreased by 76% as compared to WT after 10 days of salt
treatment (Figure 5.7D). In case of overexpressing lines, the levels of chlorophyll
were 62%, 144%, 153% and 133% more in CaMBP50-5, CaMBP50-8,
CaMBP50-9 and CaMBP50-6, respectively, as compared to WT (Figure 5.7D).

5.3.5

Overexpression

of

CaMBP50

improves

salt

tolerance

during

germination

In A. thaliana, seed germination is very sensitive to salt stress. To analyse salt
sensitivity at germination stage, seeds of WT, cambp50 and overexpressing lines
were placed on MS plates without (control) or with 150 mM NaCl and germination
was monitored over one week. Both WT and overexpressing lines had similar
germination rates on control plates, but cambp50 germinated slower than WT
(Figure 5.8). In the presence of salt, seeds of overexpressing lines germinated
faster than seeds of WT and cambp50 mutant. After five days, germination
percentages for WT,
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Figure 5.8 CaMBP50 overexpressing lines were stronger in germination under
salt-stress condition.

Figure describing the proportion of WT, cambp50 and the transgenic lines
germinated with clear radicle emergence on tissue culture plates in the presence
or absence of 150 mM of NaCl. Number of seeds scored (n) ≥20. Data shown are
average of the three replicates. Error bars represent the SE of mean for three
replicates. . All these data were analysed by a Student’s t-test to evaluate if the
differences in germination rates between WT and individual lines were significant.
The thresholds of significance are indicated above the histograms. (*P<0.05;
**P<0.01).
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cambp50, CaMBP50-5, CaMBP50-8, CaMBP50-9, and CaMBP50-6 were 68%,
25%, 94%, 94% and 94%, respectively (Figure 5.8). For preliminary
understanding of the molecular basis for salt tolerance in CaMBP50
overexpressing lines, we analysed the expression of salt and other abiotic stress
-responsive genes RD29A, RD22 and RAB18A (Takahashi et al., 2000; Magnan
et al., 2008) by RT-QPCR in WT, cambp50, and CaMBP50-6 and CaMBP50-9
overexpressing lines. This analysis was performed by Dr. Bishun Prasad in Dr.
Krishna’s laboratory as part of a collaborative study. All three genes were upregulated in CaMBP50-6 and CaMBP50-9 (up to 12-fold), and down-regulated in
cambp50 mutant, as compared to WT under salt stress conditions. CaMBP50-6
and CaMBP50-9 plants had higher expression than WT even in the absence of
stress (data not shown).

5.3.6 Overexpression of CaMBP50 increases seed yield

Since CaMBP50 is a BR-response gene and because BRs have been implicated
in reproductive yield of plants (Divi and Krishna, 2009a), we monitored growth
and seed yield of CaMBP50 overexpressing transgenic lines alongside of WT
and cambp50. As compared to WT, cambp50 plants showed a phenotype of
smaller size and less branching, while two overexpressing lines CaMBP5-8 and
CaMBP-9 showed the opposite phenotype consisting of larger size and more
branching. cambp50 had a 39% decrease in silique yield as compared to WT, as
opposed to increases of 15%, 34% and 32% in CaMBP50-5, CaMBP50-8, and
CaMBP50-9, respectively (Figure 5.9B). Interestingly, CaMBP50-6 plants had
lower silique yield as compared to WT (Figure 5.9B). Consistent with the silique
yield data, cambp50 had 59% decrease in seed yield, while CaMBP50-8 and
CaMBP50-9 had increases of 27% and 41% as compared to WT (Figure 5.9C).
Seed yield in CaMBP50-5 and CaMBP50-6 were decreased by 14% and 44%,
respectively (Figure 5.9C). While this was expected for CaMBP50-6, the
decrease in seed yield of CaMBP50-5 remains unaccounted for. The experiment
was repeated three times and each time CaMBP50-8 and CaMBP50-9
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Figure 5.9 CaMBP50 controls growth and seed yield.

A) Phenotypes of 70-day old WT, cambp50 and overexpressing plants. Seedlings
were grown in soil at 220C under a 16-h photoperiod.
B) Percent increase in the number of siliques was calculated based on
comparison to that of WT grown under identical growth conditions. Average
number of siliques generated per five plants (grown together on a single pot) was
calculated from three individual replications.

C) Percent seed yield (g / plant) is expressed relative to WT where the average
seed yield value is set to 100%. Average seed yield per five plants (grown in a
single pot) was calculated from three replications. Vertical bars represent SE of
the mean of three replications. The data were analyzed by a student t-test and
the threshold of significance is indicated above the histograms (**P<0.01).
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consistently displayed increase in seed yield. These data indicate that CaMBP50
has a role in growth and seed yield in A. thaliana.

5.3.7 cambp50 mutant shows a downward curling leaf phenotype

cambp50 plants, in general, showed a weaker phenotype and less branching
than WT, which is evident in results shown in Figures 5.6 and 5.9. These plants
also had leaves that appeared long and narrow due to the leaf margins curving
downwards (Figure 5.10A, B). Narrow and curly leaf phenotype has been
described for BR-related mutants such as bak1-1 and bes-1D (Li et. al., 2001; Yin
et al., 2002 ), but these are a result of enhanced BR levels or BR responses.
Although we cannot make any links between BR responses and the phenotype
displayed by cambp50, the overall less growth and yield points towards
weakened BR responses in this mutant. The leaf phenotype is an anomaly and
may arise from a non BR-related function. To see if overexpression of CaMBP50
in the mutant could revert the mutant phenotype to WT, we isolated a number of
homozygous complementation lines in T3 generation. However, in only one
complementation line (CaMBP50-C), the leaf phenotype was reverted to the WT
(Figure 5.10A, B). Quantification of CaMBP50 transcript expression by RT-QPCR
in 6-week-old plants of different complementation lines showed similar
expression (3-4-fold increase over WT) (data not shown), making it difficult to
reason why only CaMBP50-C line would show a reversion of the phenotype.
Even the expression level was not higher than CaMBP50-6, in which the
overexpression was developed in the WT background (Figure 5.10C). While the
expression in relative to WT was 3.7 fold more in CaMBP50-C, the level was 7.4
fold more in CaMBP50-6 than WT in 6-week-old seedlings.

5.4 DISCUSSION
The identification of six proteins tentatively related to Ca2+-signalling in a
microarray study aimed at identifying BR-regulated genes under no stress and
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Figure 5.10 CaMBP50 has a role in shaping the leaf in A. thaliana.

A) Phenotype of the different leaves from 28-day old WT, cambp50, CaMBP50-C
and CaMBP50-6 plants.

B) Whole plant phenotype of 28-day old WT, cambp50, CaMBP50-C and
CaMBP50-6 plants.

C) Expression level of CaMBP50 transcripts, as quantified by RT-QPCR, in
CaMBP50-C and CaMBP50-6 in relative to WT where the expression value in
WT was set to 1.
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stress conditions, prompted us to investigate the biological functions of two such
proteins, CML10 (CHAPTER 4) and CaMBP50 (this Chapter). The upregulation
of CaMBP50 by BR and stress noted in microarray data (Figure 5.1A), in RTPCR analysis (Figure 5.1C), and in publicly available AtGenexpress datasets
(Figure 5.1B), together with the presence of six potential BES1-binding sites in
the promoter region of CaMBP50 strongly suggest that CaMBP50 is a BRresponse gene in A. thaliana. CaMBP50 is a member of the CBP60 protein family
in A. thaliana, which was earlier identified as pathogen inducible (Zhang et al.,
2010). The other members of the gene family are CBP60a (At5g62570), CBP60b
(At5g57580), CBP60c (At2g18750), CBP60d (At4g25800) CBP60e (At2g24300),
CBP60f (At4g31000) and CBP60g (At5g26920) (Reddy et al., 2002). Recently,
two closely related members AtCBP60g and CaMBP50 (AtCBP60h, referred to
as SARD1), were implicated in PAMP-triggered immunity and accumulation of
SA, suggesting that these two family members play a positive role in plant
immunity (Wang et al., 2009; Zhang et al., 2010; Wang et al., 2011). Both
proteins were shown to bind DNA through their highly conserved central region,
which exhibits no sequence similarity to other known DNA-binding proteins, and
regulate expression of specific genes (Zhang et al., 2010). Thus, the CBP60
family likely represents a plant-specific family of transcription factors, with CaMbinding ability (Zhang et al., 2010).
The majority of known CaM-binding sites in CaMBPs consist of a stretch of 12–
30 contiguous amino acids with positively charged amphiphilic characteristics that
tend to form an alpha-helix upon binding to CaM (Reddy and Reddy, 2004;
Bouche et al., 2005). Ca2+/CaM is believed to bind to its targets mainly by
hydrophobic interactions, with electrostatic interactions contributing to the stability
of the CaM-target complex. The CaM-binding motif in the CBP60 family is located
at the C terminus of the proteins, but this motif is absent in CaMBP50 (SARD1)
(Wang et al., 2011). It should however be noted that some CaM-binding proteins
do not possess the typical CaMBD motifs, and thus, not all CaM-binding motifs
have been identified as yet. Furthermore, interaction of different CaMs/CMLs with
the same CaMBP may occur in vivo under different physiological conditions. For
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this reason, the observation that CBP60g can bind CaM (Wang et al., 2009), but
that CaMBP50 lacks the ability to bind CaM (Wang et al., 2011), should be
treated with caution. CaMBP50 interaction may be limited to specific CaM/CML
under certain in vivo conditions, which have yet to be replicated in vitro.

The overall picture that has emerged for CaMBP50 through recent studies is that
it is a DNA-binding protein involved in defense responses (Zhang et al., 2010),
which unlike other members of the CBP60 family, does not bind CaM (Wang et
al., 2011). The present study adds new dimensions to the functions of this gene
by demonstrating its role in salt stress tolerance, as well as in growth and
reproductive yield. Bioinformatics analysis of the promoter region of CaMBP50
showed potential transcription factor binding sites that could mediate expression
of CaMBP50 correlated with these functions. For instance, BR-mediated
regulation through potential BES1-binding and light-regulated expression via
factors binding to GATA elements CaMBP50 functions with growth and yield
attributes. Yeast-two hybrid screening for CaMBP50 interactors identified the
nuclearly encoded PsaN, a subunit of Photosystem I (PSI) of chloroplasts. This
interaction was confirmed using full-length ORF sequences of both proteins (data
not shown, data obtained by Dr B. Prasad). Transgenic plants lacking PsaN show
inefficient electron flow between PSI and PSII and result in growth and
developmental effects under sub-optimal conditions (Haldrup et al., 1999). Since
PsaN has a potential CaM-binding site, CaMBP50 has high probability, after
nucleus, for targeting to chloroplast, and Ca2+/CaM messenger system has been
implicated in regulating activities in the chloroplast (Yang and Poovaiah, 2000), a
role for CaMBP50 in regulating electron flow in photosynthesis is a possibility. In
such scenario, a protein complex consisting of CaMBP50-PsaN-CaM could be
envisioned. In view of the fact that transient increase in cytosolic free Ca2+ is one
of the earliest responses to salt and other abiotic stresses, it is expected that this
signal is converted, among other responses to changes in photosynthesis.
Clearly although more studies are required to prove a role of CaMBP50 in
chloroplast related activities, this possibility is presented here as an attempt to
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link growth and yield phenotypes associated with CaMBP50 overexpression and
mutant alleles.

In CaMBP50 overexpressing lines, the expression of CaMBP50 transcripts could
not be correlated with the phenotype. Two overexpressing lines, CaMBP50-8 and
CaMBP50-9, reproducibly showed an increase in seed yield ranging from 27 to
41% over WT, but the other two lines, CaMBP50-5 and CaMBP50-6, showed
either no increase or had variable results. Analysis of CaMBP50 expression at a
few developmental stages needs to be done in different genotypes to see if it can
be correlated with the seed yield phenotypes. Alternatively, more overexpressing
CaMBP50 lines need to be included in the sample size. Interestingly, CaMBP506, which did not display the high yield phenotype, was most resistant to salt
stress. More studies are required to tease out these pleiotropic effects of
CaMBP50 overexpression in different transgenic lines. It is possible that
successful use of the transgene for a given phenotype is critically dependent on
achieving an optimal level of expression for the particular phenotype.

Although not significant in regarding to the enrichment in the promoter site, the
presence of AtMYC2 BS in RD22, MYB4 binding site motif and RAV1-A binding
site motif, are all consistent with stress-induced expression of CaMBP50, while
the W-box promoter motif (WRKY TF binding site) are in line with its pathogeninduced expression. Thus, the 50 kDa protein CaMBP50 with no known protein
domains is clearly a multifunctional protein with roles in abiotic and biotic stress
tolerance and pathways linked with growth and reproductive yield. Our
preliminary data of Y2H screen indicates that CaMBP50 may operate via protein:
protein interactions, independent of binding to DNA. This aspect of CaMBP50
remains to be confirmed. It should be noted that some of the binding motifs
identified in CaMBP50 promoter region have been linked with BR. For example,
RAV1 is down-regulated by BR and is postulated to function as a negative
regulator during plant development (Hu et al., 2004), while GATA-binding GATA2
transcriptional regulator is believed to mediate the crosstalk between BR- and
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light-signaling pathways (Luo et al., 2010). Thus, CaMBP50 may be under the
control of multiple responses of BR, or may be regulated independently of BR.

Given that CaMBP50 and its closest homolog AtCBP60g have a role in plant
immunity, we studied the hormone and stress-responsive expression patterns of
all members of the CBP60 family using the AtGenExpress datasets.
Interestingly, four members [CaMBP50 (h), AtCBP60 e, f and g] out of eight were
most responsive to BR and salt stress, and CaMBP50, AtCBP60g, and
AtCBP60a were responsive to pathogen infection (data not shown). Thus,
CaMBP50, AtCBP60 e, f and g likely have redundant roles in salt stress
tolerance, an aspect that should be explored in the future through double and
triple mutant analysis.
Salt stress tolerance and Ca2+-signaling have previously been linked via
calcineurin B-like proteins (CBLs), SOS3 and AtCBL1, which act as positive
regulators of salt-stress tolerance (Zhu, 2000; Cheong et al., 2003). A nuclearly
localized CaMBP, AtCaMBP25, was reported to negatively regulate the saltstress response in seed germination and seedling growth (Perruc et al., 2004).
Transgenic lines overexpressing AtCaMBP25 showed increased sensitivity to
NaCl-induced inhibition in germination, whereas transgenic lines expressing
antisense transcript displayed greater resistance against inhibition of germination
generated by D-mannitol and NaCl-induced osmotic stress (Perruc et al., 2004).
The observations that CaMBP50 acts as a positive regulator, while AtCaMBP25
as a negative regulator of salt stress response is only indicative of the
reprogramming of responses that occurs at different times during stress and
possibly in different tissues, during environmental stress.

Initially we considered that CaMBP50 may also have a role in leaf morphology,
but the downward leaf-curling phenotype in cambp50 mutant was reversed in
only one complementation line, CaMBP50-C (Figure 5.10A, B) even though
CaMBP50 was expressed at similar levels in different complementation lines.
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These results argue that the phenotype does not arise from lack of full-length
CaMBP50 transcript, but possibly from a second T-DNA insertion. Nevertheless,
a truncated transcript leading to truncated protein in cambp50 could function as a
dominant negative, interfering with complementation by a full-length protein. We
will be looking at additional cambp50 mutant alleles to determine if the leaf
phenotype is associated with CaMBP50.

In conclusion, a new BR response gene with functions related to growth,
reproductive yield and stress responses has been identified in A. thaliana through
the present study. Genetic manipulation of such a gene in crop and bioenergy
plants holds the possibility of simultaneously increasing yield and stress
tolerance.
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CHAPTER 6
6.1 GENERAL DISCUSSION

Similar to the roles of steroid hormones in animals and fungi, plant steroids
referred to brassinosteroids (BRs) are essential for normal growth and
development of plants. BRs play multiple roles in the physiological and
developmental processes of plants, including cell division and expansion,
embryogenesis, vascular differentiation, photomorphogenesis, leaf development,
flowering time, and senescence (Clouse and Sasse, 1998; Sasse, 2003; Clouse,
2008). The remarkable function of BRs lies in their ability to increase tolerance in
plants against a wide range of environmental stresses (Krishna, 2003, Divi and
Krishna, 2009a,b). The present study is part of the ongoing investigation of the
molecular mechanisms underlying BR-mediated stress tolerance in the model
plant Arabidopsis thaliana with specific focus on: 1) understanding the interaction
of BR with abscisic acid (ABA), a hormone known for regulating responses to
environmental stresses; 2) identifying new stress-related genes within microarray
expression data obtained with untreated and BR-treated seedlings under no
stress and HS conditions; and 3) functionally characterizing 2-3 candidate genes
through reverse genetic approaches.

It was established before that the effect of BR on heat-stress (HS) tolerance are
most pronounced when seedlings are grown in the presence of exogenous BR
for a long period (21 days) of time. We postulated that this long-term treatment of
BR would involve both direct and indirect effects, including interaction of BR with
other phytohormones in promoting stress tolerance, based on the fact that BR is
known to interact with other plant hormones (Reviewed in Krishna, 2003;
CHAPTER 1 section 1.1.7). In addition to BR, phytohormones that are involved in
conferring HS tolerance in plants include ABA, ethylene (ET), jasmonic acid (JA)
and salicylic acid (SA) (Clarke et al., 2004; Larkindale et al., 2005; Clarke et al.,
2009). While ABA is most studied for its role in salt and drought stress (Zhu,
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2002; Huang et al., 2011), positive effects of ABA on thermotolerance have been
demonstrated using exogenous ABA treatments (Larkindale and Knight, 2002),
ABA-deficient (aba1-1) and ABA-insensitive (abi1-1) mutants (Larkindale et al.,
2005), and high ABA producing lines (Ristic and Cass, 1992). In the present
study, untreated wild-type (WT) and ABA mutant seedlings (aba1-1 and abi1-1)
had similar survival rates following HS, however, with EBR treatment there was a
significant increase in the survival rate of aba1-1 seedlings as compared to WT
and abi1-1. Consistent with this, there was higher accumulation of Hsp90, a
representative of the Hsp families of proteins that are known markers of
thermotolerance, in only aba1-1 seedlings. These results suggest that ABA
masks BR effects on the HS response pathway of WT A. thaliana seedlings.

To obtain an understanding of global gene expression changes brought about by
BR under no-stress and stress conditions, a microarray analysis using Affymetrix
ATH1 arrays was conducted. Gene expression profiles were generated from
EBR-treated and untreated A. thaliana seedlings under no-stress (0 h), HS (1 h
and 3 h) and recovery from HS (6 hR) conditions (CHAPTER-3).

Hierarchical clustering of genes either induced or repressed by EBR, HS and
EBR+HS as compared to no-EBR and no-stress (0C) control, followed by Gene
Ontology (GO) and promoter motif analyses, indicated 9 distinct clusters in the
microarray data. Genes belonging to four clusters were predominantly related to
stress responses. Another predominant functional category in different clusters
was the hormone metabolism: two clusters (5 and 7) were enriched with genes
related to JA response, and clusters 8 and 9 were enriched with genes related to
BR and ABA response. The relationship of BR with JA lies in BR inducing the
expression of OPR3, encoding a 12-oxo-phytodienoic acid reductase, which is
involved in JA synthesis (Mussig et al., 2006). Contrary to this, BR and ABA
relationship in the past was described as antagonistic (Steber and McCourt,
2001). The observation that ABA-responsive genes and one ABA biosynthesis
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gene were upregulated by EBR in our microarray screen, suggested that ABA
levels rise in response to BR and BR+HS.
Quantification of endogenous hormones and hormone metabolites showed
significant increases in ABA and ABA metabolites and JA in EBR-treated vs.
untreated A. thaliana seedlings, satisfying our above-stated hypothesis and
raising the question whether all or some of the ABA and JA-responsive genes
identified in the microarray study are changed in their expression directly by BRinduced ABA and JA, or whether some of these genes serve as overlapping
targets of both BR and ABA or BR and JA. A closer look at the promoter regions
of these genes for BR-responsive elements is required in the future to tease apart
these possibilities.

Analysis of ‘BR response genes’ within the microarray data set revealed that BR
had prominent effects on genes related to stress and transport; more genes were
induced than repressed by BR in these categories. Expression analysis using the
publicly available AtGenExpress stress data sets showed that most ‘BR response
genes’ were regulated by several abiotic stresses like drought, salt and osmotic
stress, with little to no effect by HS. Since genes responsive to cold, salt and
osmotic stresses share a common core genomic response (Kilian et al., 2007), it
is possible that BR stimulates a general stress response in plants that also
enhances thermotolerance. Interestingly, analysis of the AtGenExpress hormone
datasets also showed that the majority of ‘BR response genes’ are in fact ABA
and JA response genes, suggesting a collaborative relationship among BR, ABA
and JA in modulating stress responses in A. thaliana.

For preliminary functional analysis of a subset of genes identified in the
microarray study, two transcription factors (HAT1 and NFYA5) and three jacalinlectin domain-containing proteins (JAC-LEC1, 2 and 3) were selected. JACLEC1, 2 and 3 were notable due to their considerable high expression (3.7 to 12fold) in response to BR in the microarray data. JAC-LECs are a subclass of
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carbohydrate-binding proteins called lectins. These are JA-responsive protein
components of myrosinase complex involved in glucosinolate metabolism and
innate immune response against pathogen attack in Brassicacea (Capella et al.,
2001; Sasaki-Sekimoto et al., 2005, Devoto et al., 2005; Kusnierczyk et al., 2007;
Nagano et al., 2008). Not much is known about their involvement in abiotic stress
tolerance, although AtGenExpress data indicates that in relative terms JACLEC1-3 are highly induced by drought and moderately by wounding. In our
experiments,

KO

mutants

of

all

three

genes

displayed

lower

basal

thermotolerance than WT, and jac-lec2 also had lower survival rate than WT
under salt-stress. During the course of the present study, JAC-LEC3 protein was
defined as a ‘polymerizer type lectin’ that functions to form large protein
complexes (Nagano et al., 2008). It is yet to be seen whether JAC-LECs
contribute to stress tolerance by regulating protein complex formation, but the
present results provide the first genetic evidence towards a role of JAC-LECs
proteins in heat and salt stress tolerance in A. thaliana.

HAT1 is one of the 10 members of the Homeodomain-leucine Zipper II (HD-Zip II)
gene family of transcription factors in A. thaliana (Ciarbelli et al., 2008). A
previous study identified the gene to act as a negative regulator of cell
proliferation during leaf development under high Red/Far Red light environment
(Ciarbelli et al., 2008). Since the expression of HAT1 was down-regulated by
EBR+HS in our microarray data, and by salt and osmotic stresses in the
AtGenExpress stress dataset, it was expected that the KO mutant hat1 would
show resistance to HS and salt stress treatments. However, the phenotype of
hat1 remained unaltered under HS treatment. hat1 was more resistant than WT
to ABA inhibition of germination, but more sensitive to salt stress than WT,
suggesting a complex role of the gene in growth and stress responses in A.
thaliana. The salt stress treatments are required to be done using soil pots, as
well as additional studies to determine its role, if any in stress tolerance.
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NFYA5 is a CCAAT box binding transcription factor (Gusmaroli et al., 2002; Li et
al., 2008). NFYA5 was upregulated 4-fold by EBR in the present study, and
according to AtGenExpress stress data sets, it is ABA, and salt and osmotic
stress –responsive. The nfya5 seedlings performed slightly better than WT under
HS conditions, but no significant differences were obtained under salt stress
conditions on MS plates. In contrast to these results, nfya5 seedlings grown on
soil and watered with 150 mM NaCl showed distinct salt susceptibility.
Furthermore, one of the transgenic lines overexpressing NFYA5 (NFYA5-III)
showed clear resistance to salt stress as compared to WT. During the course of
this work, a report on NFYA5’s involvement in ABA-mediated drought-stress
tolerance appeared; transgenic A. thaliana plants overexpressing NFYA5 were
more drought resistant, while the KO lines were drought susceptible (Li et al.,
2008). The Arabidopsis genome encodes 10 NF-YAs, 13 NF-YBs, and 13 NFYCs (Gusmaroli et al., 2002). Given the large gene families of the different
subunits, and the requirement of three subunits (NF-YA, NF-YB, and NF-YC) to
make a functional NF-Y transcription factor, it is remarkable to have obtained
clear-cut phenotypes (present study; Li et al. (2008)). Together these results
indicate that NFYA5 has an important role in salt and drought stress tolerance in
A. thaliana.
Ca2+-signaling plays a fundamental role in plant growth and adaptation to various
stress factors. A. thaliana genome possesses a big repertoire of Ca2+-signaling
proteins including calmodulins (CaMs), calmodulin-like proteins (CMLs), Ca2+dependent protein kinases (CDPKs), calcineurin B-like proteins (CBLs) and CaMbinding proteins (CaMBPs) (Day et al., 2002; Bouche et al., 2005). The six Ca2+singaling genes identified in the microarray screen displayed differential
expression under BR treatment and HS condition. We studied the biological
functions of two genes: CML10 (CHAPTER 4) and CaMBP50 (CHAPTER 5).
CML10 was consistently upregulated 3.0 to 5.5-fold by BR at different time-points
in both microarray and RT-QPCR analyses. In addition, CML10 shows maximal
induction by brassinolide (BL) in the publicly available AtGenExpress microarray
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data set, and has several E-box elements (BES1-binding motif) in the CML10
promoter region. Thus, CML10 is an authentic BR response gene in A. thaliana.
CML10 expression patterns have been correlated with pathogen defense, but
there are no reports describing its functions. Using reverse genetic approaches
(analysis of cml10 mutant and CML10-overexpressing plants), we found that
cml10 mutant plants flowered earlier, had an average 25% increase in seed yield,
and displayed increased resistance to ABA inhibition of germination, and osmotic
stresses generated by NaCl and D-mannitol, as compared to WT. The
overexpressors of CML10 had the opposite phenotypes. These observations
indicate a negative regulatory role of CML10 in growth and stress responses in A.
thaliana. Furthermore, the enhanced traits in cml10 are all BR-related, suggesting
that either BR levels or BR signalling or both are increased in cml10. CML10
protein interacted with BR biosynthetic enzymes DWF1, DWF4 and CPD that
possess Ca2+/CaM-binding domains. Ca2+/CaM binding has been described as
being critical for the function of DWF1 (Du and Poovaiah, 2005). Thus, the most
likely function of CML10 in BR-related pathways would be in the feedback control
of BR homeostasis through affecting the activities or stability of BR biosynthesis
enzymes. Determining BR levels in the future in cml10 mutant and CML10overexpressing plants may confirm this further.

CaMBP50 was another gene upregulated by BR and stress in microarray, RTPCR, and AtGenExpress data analyses. The promoter region of CaMBP50
contains six BES1-binding E-box elements, as well as stress-related motifs.
These results indicate CaMBP50 as a BR, and abiotic and biotic stress-regulated
gene in A. thaliana, and while its function in PAMP-triggered immunity and
accumulation of salicylic acid was demonstrated recently (Wang et al., 2011), the
osmotic stress-related functions are reported here for the first time. The cambp50
mutant was more sensitive to salt stress-induced inhibition of germination and
growth as compared to WT seedlings, while transgenic lines overexpressing
CaMBP50 were more resistant to salt stress in germination and seedling survival
assays. Consistent with these data, the level of chlorophyll degradation under salt
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stress was higher in cambp50 mutant, and lower in CaMBP50 overexpressing
lines, as compared to WT. Similarly, the expression of a subset of salt stressrelated genes, RD29A, RD22 and RAB18A, was higher in overexpressing lines,
but lower in the mutant as compared to WT. These data together indicate a role
for CaMBP50 in salt stress tolerance in A. thaliana.

To account for CaMBP50’s positive effects on plant growth and reproductive yield
in overexpressing plants, the yeast two-hybrid system was used to find potential
interactors of CaMBP50. Maximum number of positive clones were obtained for
PsaN, a nuclear-encoded subunit of photosystem I. The interaction was further
confirmed using BiFC assay. These preliminary data indicate that CaMBP50 may
improve photosynthesis efficiency, leading to increased growth and yield.

In summary, the results of the present study have increased our understanding of
the molecular mechanisms underlying BR-mediated stress tolerance in A.
thaliana. These involve cross-talk of BR with ABA and JA in stress response,
increase in endogenous levels of ABA and JA by BR, regulation by both BR and
stress stimuli of stress-regulated genes, a possible new post-translational control
mechanism for regulating BR levels in plants, and the importance of Ca2+signaling in BR-mediated stress tolerance and growth.

6.2 FUTURE WORK

We deduced from results described in CHAPTERS-2 and 3 that ABA inhibits BR
effects on HS response, while BR promotes ABA-mediated effects on stress
responses, at least in part, by increasing ABA and ABA metabolite levels. To
what extent these general conclusions hold true is currently not known. The
antagonistic and additive or synergistic effects of ABA and BR will need to be
teased out for individual genes. For instance, if a gene comprises of both ABA
and BR-response elements in its promoter region, gene responses in different
exogenous treatments, and those in BR and ABA mutant backgrounds will need
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to be carried out to tease apart the interaction of the two hormones in regulating
the gene. Furthermore more studies are required for understanding how BR and
ABA signalling pathways intercept or connect with one another.

The preliminary functional analysis of genes identified in the microarray study
(CHAPTER-3) provided interesting new information regarding roles of JAC-LEC1,
2 and 3 in HS, and of JAC-LEC2 in salt stress tolerance. These results are good
leads, but need confirmation through generation and analysis of overexpressing
transgenic lines, as well as complementation lines in KO mutant background.
Biochemical analysis JAC-LEC proteins for their oligomeric state in response to
HS, localization and interaction with other macromolecules should be carried out
to understand their functions in HS tolerance. A number of newly identified BRregulated genes remain functionally uncharacterized. Functional analysis of
additional genes in the future will continue to provide new insights into
mechanisms of BR-mediated increase in stress tolerance.

In the present study, the functions of CML10 and CaMBP50 were mainly
addressed in relation to osmotic and salt stress tolerance, and seed yield. The
results indicate that CML10 negatively regulates these responses by controlling
endogenous BR levels. BR levels need to be tested in cml10 mutant and
overexpressing lines. Additional cml10 mutant alleles should also be included in
the study of phenotypes. Several biochemical studies are needed to prove control
of activities or stability of BR biosynthesis enzymes by CML10.

CaMBP50 acted positively in promoting salt stress tolerance and increasing seed
yield. A lot is remaining to be understood with regards to the mechanism of action
of CaMBP50: does it only act as a transcription factor? Does it interact with CaM,
and if so, how is this effect transmitted to other target proteins? What are its
target proteins? We identified PsaN as its interactor, yet the biological
significance of this interaction is not known. Does PsaN-CaMBP50 interaction
affect photosynthesis? Where does this interaction take place? Furthermore,
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CaMBP50 is member of a gene family comprising of CBP60a (At5g62570),
CBP60b (At5g57580), CBP60c (At2g18750), CBP60d (At4g25800) CBP60e
(At2g24300), CBP60f (At4g31000) and CBP60g (At5g26920) (Reddy et al.,
2002). Two other members of this family, CBP60b and CBP60d were also
identified in the microarray study (CHAPTER 3) though these do not show BR
regulation in AtGenExpress data sets. The biological functions of these two
proteins should be investigated in the future. Previously, CBP60g was found to
be functionally redundant to CaMBP50 in PAMP-triggered immunity and SA
production. Thus the analysis of double, triple mutants would allow one to
determine if other members of the CBP60 gene family are also involved in
establishment of stress tolerance.
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Appendix 3.1 List of primers used in RT-QPCR (for the validation of microarray
data).
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AGI ID

Forward primer

Reverse primer

At5g15960

5’ GCCTTCCAAGCCGGTCAGAC

5’ TCCCGCCTGTTGTGCTCCA

At2g42540

5’ AAAGCTGCGGCGTATGTGGAG

5’ CCTGCTTTACCCTCCGCGAAC

At3g16360

5’ AAGGGAAGCAGCACGAGCAT

5’ TCCTTCCGCATTTCCAGCTC

At2g41090

5’ AGGAGTTCGGTGCCGTGATG

5’ TTCCGTCACCATCTAAATCCGA

At1g52040

5’ ACCGGAGGACCCCAAAAATTAG

5’ CCAAGACCACCAGCTGCTACG

At3g51910

5’ CATCATCTTCACCAAGCCAT

5’ TTTCGTTGTTTGTTGCTGCT

At4g18880

5’ TGTCGATTCACGTCTCAAATC

5’ AGGAGGAGCAGCAACAGTG

At5g03720

5’ TTGATGGAGGAAATGGTTGA

5’ CAATTGCTTCTGACGTTGCT

AT5g43840

5’ GGAGGATTCAAGCACAAACA

5’ TCTAGGGAGGCAAATTAGGG

At3g62950

5’ ATGAGCTCGACAAAGACCCT

5’ CCGATGTACCTTCCTCCAAC
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Appendix 3.2 Primers for DNA genotyping of the mutants for T-DNA insertion
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Gene

Primer name

NFYA5

NFYA5-LP
NFYA5-RP
HAT1-LP
HAT1-RP
JAC-LAC1-LP
JAC-LAC1-RP
JAC-LAC2-LP
JAC-LAC2-RP
JAC-LAC3-LP
JAC-LAC3-RP

HAT1
JAC-LAC1
JAC-LAC2
JAC-LAC3

Sequence
5' TTAGATTTGGGCAATGTTTCG
5' ACAGTATCATGCGATTCTCCG
5' ACAAAGAGGGAACAAGTTGGG
5' CTCTTTAGGGGCAAAATGGTC
5' ACAGTATCATGCGATTCTCCG
5' CTTTCCGTATCTCCAATTCCC
5' GAAAAGAAGGCAAAGAATGGG
5' CAATGTCATTTTCCCATGGTC
5' TTCAGTTGTTACGACTTGGCC
5' AAATGGATGAGGATCTAGCGG
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Appendix 3.3 The gene-specific primers for RT-PCR analysis of candidate
genes.
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Gene
NFYA5

Primer name
NFYA5 - F
NFYA5 - R

Sequence
5' TGAAGTTGCAAGCTTTGGAG
5' AGCTTCGAGTTTAGCACGGT

HAT1

HAT 1-F

5' CCCACTTCTTCACCAATGTCCAATC

HAT1-R
JAC-LEC1 JAC-LEC1-F
JAC-LEC1-R
JAC-LEC2 JAC-LEC2-F
JAC-LEC2-R
JAC-LEC3 JAC-LEC3-F
JAC-LEC3-R

5' AGCCGCCGATTCTCTTCGGTTAA
5' GACGGATTTACACTGAGCTCTGATG
5' GCACCATTGTTAGCACCATCATTACT
5’ ACCGGAGGACCCCAAAAATTAG
5’ CCAAGACCACCAGCTGCTACG
5' TGAAAAAATACAAAATGGCGAAAAT
5' GGCGGAGACGTTGTTAGAGAGC
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Appendix 3.4 Hierarchical cluster analysis [Figure has been taken from Divi,
U.K. (2009). The Figure legend has been modified.]. Hierarchical clustering of
genes that were differentially expressed or repressed by ≥ 2 fold in response to
EBR alone (0E), HS alone (1C and 3C) and EBR+HS (1E and 3E) treatments as
compared to the no-EBR and no-stress (0C) control. Based on the expression
patterns, different clusters were identified and displayed by the numbers 1 to 9.
The analysis was done in Genespring.
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Appendix 3.5 Promoter motifs enriched in each cluster of genes (Adapted from
Divi, 2009).
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Cluster ID
2
4
7

8
9

p-value

Promoter motif

< 10 - 3
< 10 - 4
< 10 - 6
< 10 - 3
< 10 - 3
< 10 - 3
< 10 - 5
< 10 - 5
< 10 - 3
< 10 - 4
< 10 - 3
< 10 - 3
< 10 - 4

Ibox promoter motif
CARGCW8GAT
ABRE-like binding site motif
ACGTABREMOTIFA2OSEM
ATHB2 binding site motif
AtMYB2 BS in RD22
AtMYC2 BS in RD22
MYCATERD1
W-box promoter motif
ABRE-like binding site motif
DREB1A/CBF3
LTRE promoter motif
ABRE-like binding site motif

263

Appendix 3.6 The overview of ‘BR-response genes’ identified in the microarray
screening [Divi, U.K. (2009)]. A) Venn diagram representing the genes induced or
repressed by ≥ 2 fold under EBR treatment at 0h (no stress), 1 h and 3h (HS). B)
Gene ontology (GO) annotation analysis for the putative function of the BRresponse genes.
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down

A

3h

up
1h

0h

3h

1h

0h

B
electron transport/energy pathways
DNA or RNA metabolism
cell organization and biogenisis
developmental processes
transcription
protein metabolism

down
up

signal transduction
transport
response to stress
unknown biological process
other cellular process

number of genes
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Appendix 3.7 The genes responsive to EBR, HS and EBR+HS in different
functional categories as determined by MapMan pathway annotator (Divi, 2009).
Genes significantly changed were selected and arranged according to functional
terms and expression at each treatment condition (0C, 0E, 1C, 3C, 1E and 3E).
Each square is indicative of one gene and color represents the level of
normalized expressions.
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Appendix 3.8 Functional categorization of BR response genes by MapMan.
Each square corresponds to a gene and the color of the square indicates fold
change at the lowest stress time point (Adapted from Divi, 2009).

268

functional category

gene expression

Signaling
receptor kinases
G-proteins
phospho-inositides
calcium signaling
MAP kinases
transcription factors

Redox
thioredoxin
glutaredoxin
dismutase/catalase

Protein
modification
degradation

IAA
ABA
BR
ET
JA
SA
GA
cytokinin

fold change

Hormone
-3
-2
-1
0
1
2
3
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Appendix 3.9 List of Ca2+-signaling related genes identified in the microarray
data.
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AGI Code

Gene Name

Description

Function

Biological process

At2g41090

CML10

CML10 (Calmodulin-like Ca2+-binding protein-10)

Ca2+-binding

Response to BR

At2g33380

RD20

RD20 (Responsive TO Dessication 20)

Ca2+-binding

At4g33050

EDA39

EDA39 (Embryo SAC Development Arrest 39)

At4g25800

CBP60d

At5g57580

CBP60b

At1g73805

SARD1

A member of calmodulin-binding protein 60 family in A.
thaliana.
A member of calmodulin-binding protein 60 family in A.
thaliana.
SARD1 (SAR DEFICIENT 1) [Encodes SAR Deficient 1
(SARD1), a key regulator for ICS1 (Isochorismate
Synthase 1) induction and salicylic acid (SA) synthesis]

Calmodulin
binding
Calmodulin
binding
Calmodulin
binding
Calmodulin
binding

Response to abiotic stresses;
response to abscisic acid
Embryo developmental process
(putative)
Unknown

CaMBP50 (as named in
Chapter- 4)

Unknown
Response to abiotic and biotic
stresses; regulation of salicylic
acid biosynthesis

CaMBP50 (Calmodulin-binding protein 50). The gene
encodes a 50.7 kDa putative calmodulin-binding protein.
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Appendix 3.10 Overview of BR response genes having stress-related roles.
Genes were identified by MapMan analysis. The fold change values of these
genes in response to EBR at 0 h (no stress), 1 h and 3 h (HS) time points.
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Appendix 3.11 In silico expression analysis of AtGenExpress abiotic stress and
hormone datasets using AtGenExpress Visualization Tool (AVT) for BR response
genes [Divi, U.K. (2009)]. A) The normalized expression values of BR response
genes in response to abiotic stresses are shown. The stress conditions were:
heat, 380C for 3 h; wound, leaf punctuation and tissue collected after 3 h; UV-B,
0.25 h UV-B light field for 3 h; oxidative, 10 M methyl viologon for 3 h; drought, 15
min dry air stream followed by incubation of in climate chamber for 3 h; salt, 150
mM NaCl for 3 h; osmotic, 300 mM D-mannitol for 3 h; cold, 40C for 3 h. B) The
normalized expression values of BR response genes in response to 3 h treatment
with different hormones.
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Appendix 4.1 Gene sequences of CML10 and CML12, showing the positions of
LP and RP primers (highlighted in yellow). Sequences depicted in green, red,
black and blue are indicating promoter, UTRs, exons and introns, respectively.
and ATG and TGA indicate translational start and end positions, respectively.
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CML10
GTAGTTTCTAACCTTCCACACCCTTGGCTTGCGATTCTTTCCAAAGCAGAGATGTTAGATCAGAGGATGGAGTGGGTTCTCAAGTAGAAT
GCACTTGCGAATCCCTCAGATCAGATTTTTCATAGGTAAAGTTCGTTAACTTCAACAACACCACTTTAGTAAACATGTGATAATCAATCG
TCATAAGCATCTTCGATTCATTTTTATCTTATGCAAGTGTTTGCTTTATTATGATTTGTTAAGTTTTGCATAAATACGGACGTTGAAGCA
CTTCCCAGAACTCATGAGTGTTTTTATAAACTATTTATTAAAAGTTAGTATAAGAAAACTATAACATAAAAGTAAAATATAATTTAGACA
AATGTAGCGATTGGTCCAGTTACTCATCCAAAATTCCAAATGAATCTTCCACCGTTGATAATTCTATTCCATTGTTTTCTTCTGTAGAAG
ACCATATATTATTAAGTCTCTAGTCCATTGTCAATAAATGGAAATACAAAAAAAAAAAAAAAAAAAAAAAGAAGAAGAAGAAAAAGACAG
CATTTAATGAACGAAAATAATATTAATGAATTTGGAAGAAGGAACGAACCAACGAGAAAAATCAACGAAATAATTTAGACAAATGTAGCG
ATTGGTCCACTACCCATCCAAAAGTCCAAATGAATACTTCACCGTTGATAATTCTATTCAATTGTTTTCTTCTGTAGAAGACCATATATT
ATTAAGTCTCTAGTCCATTGTAAATAAATGTTTCTTTCAAATAAATGGAAATACAAAAAAGAAAAGAAAAAAAAGACAGCATTTAATGAT
GATAACGATTTGGAAGAAGGAACCAACCAATTAGAGTAACAAACCAAGGAGGCGACTCACATGAAAGCAAAAGCTGACATGGCAGTGAAT
TCAGTTTTATAAAAAAGGCTTCAAGGCCGAGAGTTCGTAGTACAAACTCTTCTCTCAGTCATCACAGAAAATAAAAAACAATGGCGAATA
AGTTCACTAGACAACAGATTTCAGAGTTTAGGGAACAGTTCAGCGTATACGACAAGAATGGTGATGGTATGGTTCATCGTCTCTATTCCT
CTAATCGTACATATTGGATCCTGAATCATCTTCAAAGCACTGAAAATGACTAACACAAGTCCTTGATTACTTCTTGTAGGTCACATTACC
ACAGAGGAGTTCGGTGCCGTGATGCGTTCCCTCGGTTTAAACCTGACCCAAGCTGAGCTTCAGGAGGAGATCAACGATTCGGATTTAGAT
GGTGACGGAACCATCAATTTCACTGAGTTCTTGTGCGCAATGGCTAAGGACACTTACTCTGAGAAAGACCTCAAGAAAGATTTCAGACTC
TTTGACATAGACAAGAATGGTTTCATCTCAGCTGCTGAAATGAGATATGTGAGGACTATCCTCCGGTGGAAGCAAACTGATGAAGAAATC
GATGAGATTATCAAGGCAGCTGATGTTGATGGTGATGGTCAGATCAACTACAGAGAGTTTGCCAGGCTTATGATGGCCAAGTGAGATTTA
AACAACTTTTCCGCTTCCCCTTTTTTTACTACCTCTTATCTAATTTCATAAAGAATGTTCCTCTCTTGTTCTTAAATTTCATTCTGAGTT
CTTGTGTGTATGGCTAGGAATCAAGGTCATGATACTAAATATGACACAACTGGTGGCACTTTGGAGAGGGACTTGGCGGCCGGGGTTGCC
AAAAATATCATCGCAGCGCCAATGACCGACTTCATCAAAAATTTGTTCGAAGCGTTGTTTTCTTGAAATGGTACATCAGTAACTTTATGC
CATTAGGGTCTGGCTGGTATGTTAGATCTCTCTAAAAAGGCGTTTGATCTTTGAAAATAATTTCTATGTAATAAATTTATTGTGTTACCA
TCTTTTCTTGCATGCAATTTATAAAATGAGTTTGTAATATGGTTTCAGTATCGAATATAATTGGGGTATCAATGTATCTTTTGAGAAAAA
CATTTAAAACGTAGCAGAACTAATTATTG

LP

RP

CML12
5’GTAGTACAAATTGTCTCACAAACTCTTCTTTCAGTCATCACAGAAAACAAAAAAAACAATGGCGGATAAGCTCACTGACGATCAGATT
ACAGAATACAGGGAATCTTTCAGGTTATTCGACAAGAATGGTGATGGTATGGTTCATCAACTCTTTCCATTTAATCGTAATGTTGGATCA
TGATCATCTTCAAAGCAATGAAATGACTAACACAAGTCCTTGATTACTTTTTGTAGGTTCCATTACGAAAAAGGAGCTCGGTACCATGAT
GCGTTCAATCGGTGAAAAACCGACAAAAGCTGATCTTCAGGACTTGATGAACGAAGCGGATTTAGATGGTGATGGAACCATCGATTTCCC
TGAGTTCTTGTGCGTAATGGCTAAGAATCAAGGTCATGATCAAGCGCCGCGTCACACTAAAAAAACAATGGCGGATAAGCTCACTGACGA
TCAGATTACAGAGTACAGGGAATCTTTCAGGTTATTCGACAAGAATGGTGATGGTATGGTTCATCAACTCTTTCCATTTAATCGTAATGT
TGGATCATGATCATCTTCAAAGCAATGAAATGACTAACACTAGTCCTTGATTACTTTTTGTAGGTTCCATTACGAAAAAGGAGCTCCGTA
CCGTGATGTTTTCCCTCGGTAAAAACCGGACAAAAGCTGATCTTCAGGACATGATGAACGAAGTGGATTTAGATGGTGATGGAACCATCG
ATTTCCCTGAGTTCTTGTACCTAATGGCTAAGAATCAAGGTCATGATCAAGCGCCGCGTCACACTAAAAAAACAATGGTGGATTATCAGC
TCACTGACGATCAGATCTTAGAATTCAGGGAAGCCTTCCGCGTATTCGACAAGAATGGTGATGGTATGGTTCATCGTCCCTTTCTCGCTA
ATCGTACATATTGGATCCTGATCATCFTTCAAAGCACTGAAATGACTAACATAAGTCATTGCTTACTTTTTGTAGGTTACATTACCGTGA
ATGAGCTCCGTACTACTATGCGCTCCCTTGGTGAAACCCAAACAAAAGCTGAGCTCCAGGACATGATCAACGAAGCGGATGCAGATGGTG
ACGGAACCATCAGTTTCTCTGAGTTTGTGTGTGTAATGACTGGTAAAATGATTGACACTCAGTCTAAGAAAGAAACGTACAGAGTTGTGA
ATCAAGGTCAGGGTCAAGTGCAGCGTCACACTAGAAATGACAGAGCTGGTGGCACCAATTGGGAGAGGGACATAGCGGTCGGGGTTGCCA
GCAATATCATCGCTTCGCCAATTTCCGACTTCATGAAAGATAGGTTTAAAGATTTGTTCGAAGCGCTGTTATCTTGAAATGACACGTCAG
TAACTTTATGCCAATAGGGTCTGACAATTATGTTAGATCTCTCTCAAAAGGCGTTTCATCTAATGACAATAATTTCTATGTAATAAATTT
ATTGCATGTGTTAGTGTGTTACCATCTTCAGTTGTGTGCAATTTATTAAAATGAGTTTGTAATATGGTTTCAGTATCGAATATAATTGGG
GTATTAATGTA

LP

RP
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Appendix 4.2 Protein sequence of BAS1 (Gene ID: At2g26710) showing the
putative position of calmodulin binding sites as determined by Calmodulin Target
Database

(http://calcium.uhnres.utoronto.ca/ctdb/ctdb/home.html).

Normalized

scores (0 to 9) are shown below the sequence indicating scoring based on the
evaluation criteria: hydropathy, alpha-helical propensity, residue weight, residue
charge, helical class, residue charge, occurrence of particular residues. A
consecutive string of high values indicates the location of a putative binding site.
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